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vims (TGGT AC AAA ATGTTCT) or MT2 transcription 8 * 1 , or 
in metal ion induction 8 of MT2 (^CGCCCGGCjC). It is also 
more extensive than the consensus sequence for transcriptional 
regulation of heat shock genes (GTNGAANNTTCNAG) which 
has been shown to function in mammalian cells, Xenopus 
oocytes and Drosophila™ 20 . General regulation of yeast amino- 
acid biosynthesis also depends on a short regulatory sequence 
(AtGTGACTC) 21 * 22 . The sequences involved in regulation of 
transcription by glucocorticoids, metal ions or heat shock are 
conserved among different species. We have found no hoi Mogy 
between the consensus sequence shown in Fig. 4 and sequt 
5' of mouse H-2 genes, but the mouse sequences available in 
the NIH and EMBL databases do not extend far beyond the 5' 
start sites of the mRNAs. 
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Experiments are now under way to test directly the role of 
the consensus sequence in transcriptional regulation by inter- 
feron. If this sequence is involved, h may be long enough to be 
used to isolate genes directly from phage or cosmid libraries by 
hybridization, and would help in locating their regulatory 
regions. Both consensus and naturally occurring sequences 
might then be used to isolate the proteins responsible for inter- 
feron transcriptional regulation. 
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Transient reversion of ros 
oncogene-induced cell 
^"^nsformation by antibodies 
^ific for amino acid 12 of ros protein 
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R. Milleyt & F. McCormickt 

* Cold Spring Harbor Laboratory, Cold Spring Harbor, 
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The proteins encoded by the ras oncogene are thought to trigger 
expression of the transformed phenotype In some types of cancer 
cells. In human cells, the ras protein family consists of several 
members including normal (proto-oncogene) and mutant 
(oncogene) forms . In general, the proto-oncogene forms are 
thought to be involved In the normal growth control of cells, while 
the mutant forms (which apparently result from somatic mutation 
of the normal ras genes) appear to be responsible, in part, for the 
loss of normal growth control. On microinjection Into living norma l 
cells, the purified ras oncogene protein (p21) induces a characteris- 
tic loss of growth control in cells within several hoars 43 . The 
mutant forms of the different ras proteins typically contain a single 
amino-arid change, usually at position 12 or less frequently at 
position 61 (ref. 6> Here we report that microinjectloo of anti- 
bodies specific for amino add 12 of the oncogenic v-KI-ras protein 
Into cells transformed by this protein causes a transient reversion 
of the cells to a normal phenotype. The fact that this antibody 
Inhibits binding of GTP to the v-Ki-ras protein supports the notion 
that GTP binding Is essential to the transforming function of this 

The role of ras proteins in cellular metabolism is not yet 
understood, but it is known that they are localized on the inner 
surface of the plasma membrane and bind GTP and GDP 7 - 8 . 
Recent analysis of the normal and mutant forms of the human 
Ha-ww proteins purified from bacterial expression systems • 
or present in the bacterial lysates after expression 11 has shown 
that ras proteins are able to hydrolyse GTP to GDP. It has been 




Fig. i Morphology of Ki-NRK cells after microinjection of anti- 
pSl-Ser and control IgG. Approximately 35 Ki-NRK ceils (growing 
in 10% fetal calf serum in Dulbecco's modified Eagle's medium) 
in each of the two test areas (marked by ink cirdes under the dish) 
were microinjected with ant>-p21-Ser (a-d) or non-immune IgG 
(e-al as described elsewhere 1 *. Phase-contrast photomicrographs 
were taken of the two areas 30nric (n,*), 24 n (o.A 36 h (eg) 
and 4Sh (4 A) after injection. Note that the cells injected with 
anti-p2l-$er show a normal Battened morphology for some time 
and grow al a slower rate than eitheT the surrounding umnjected 
cells or the celts injected with the control IgG. x4. 
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Fig. 2 Slower growth rate of Ki-NRK cells after microinjection 
or anti-p21-Ser antibody. Two areas of sparsely plated Ki-NRK 
cells growing on a dish (see Fig. I legend) were injected with either 
control IgG (a) or anti-p2l-Ser lgG (c). The two areas were 
photographed immediately after injection (a and c) and 24 h later 
{b and d, respectively). Note the different rates of growth between 
the two areas of cells. 

suggested Chat ras proteins function in a manner analogous to 
the *Q* regulatory protein of the adenylate cyclase system 4 **" 13 , 
which is also localized in the plasma membrane; this model is 
particularly attractive because G proteins activate adenylate 
cyclase through a GTP-dependent reaction, and inactivate the 
enzyme through hydrolysis of bound GTP to GDP and Pj. 
Position 12 mutants of human Ha-ras protein show a 10-fold 
reduction in rate of GTP hydrolysis 9 " 11 , and may therefore 
represent abnormally activated regulatory proteins. 

To obtain a biochemical probe capable of distinguishing 
between the normal and oncogenic forms of the ras proteins, 
antibodies were raised against ras (p21)-related peptides that 
differed at position 12. One antibody, designated anti-p21-Ser, 
was affinity-purified from the serum of rabbits immunized with 
the peptide 6 Lys-Uu-Val-Val-Gly-Ala-Scr-Gly-Val-GIy-Lys 
Cys- Ser (Ser at position 12) coupled covalently to carrier 
protein (R.C., G.W., O. Nitecki and F. McC., unpublished). 
Anti-p21-Ser was found to bind the v-Ki-ras protein (serine at 
position 12) but neither the v-Ha-«w protein (arginine at posi- 
tion 12) nor the ras protein containing glycine (normal) at 
position 12. In addition, biochemical studies showed that this 




antibody blocked both the GTP-deper.deni autophosphorylation 
and GTP-binding activities of the v-Ki-ras protein, suggesting 
that the antibody and GTP bind to the same region of the protein. 

Given this high degree of specificity of the affinity-purified 
antibody preparation for the oncogenic v-Ki-ras protein, as well 
as the ability of the antibody to inhibit the GTP binding activity 
of the v-Ki-ras protein, it seemed possible that introduction of 
this antibody preparation intp living, transformed celts might 
block the biochemical action of the ras oncogene protein in 
vivo, u *hout affecting the function of the proto-oncogene prod- 
uct Usir "'croneedle injection procedures, —5 x I (r molecules 
of purified IgG (either anti-p2t-Ser or non-immune serum) were 
injected into the cytoplasm of NRK cells transformed by the 
v-Ki-ras oncogene (called Ki-NRK cells); this represents a 
5-10-fold excess of antibody over the estimated amount of ras 
protein in these cells 4 . Within 1 5 h and persisting for 48 h after 
injection of the anti-p21-Ser antibodies, the Ki-NRK cells 
showed a flattened, normal morphology (Fig. \a-d)i after 48 h, 
the cells reverted to their rounded morphology. In contrast, cells 
on the same dish which had been injected with control IgG 
showed no obvious change in morphology (Fig. \ e-h). (Control 
(gGs included goat anti-mouse IgG and rabbit non -immune 
IgG.) Inspection of the photographs taken for these experiments 
indicated that in addition to the reversion of the transformed 
phenotype, the flattened cells appeared to grow at a slower rate 
than either cells injected with control IgG or surrounding unin- 
jected cells; this is evident from Fig. 2, where celts injected with 
control IgG have tripled in number over 24 h post-injection 
while cells injected with the anti-p21-Ser IgG have only doubled 
in number over the same time period. Based on data from the 
genetic analysis of the yeast ras genes which indicated that 
complete elimination of ras gene expression yielded non-viable 
cells' 4 * 13 , we might predict that antibodies that block the function 
of both the normal and oncogenic forms of the ras proteins 
would kill or prevent growth of microinjected transformed mam- 
malian cells. Figures 1 and 2 show, however, that the cells 
injected with anti-p2I-Ser are indeed able to grow, a result in 
agreement with biochemical experiments which showed that this 
antibody binds only to the oncogenic form of the ras protein 
with serine at position 12 (R.C., G.W., N.A., D. Nitecki and 
F.McC., unpublished). 

By using immunofluorescence microscopy, we were able to 
determine exactly vhich cells had been injected with the two 
antibody preparations. Those cells that had been injected with 



Fig. 3 Correspondence of the 
flattened appearance of Ki- 
NRK cells with microinjection 
of anti-p21-Ser antibodies. Ki- 
NRK cells (growing on glass 
coversltps) were injected with 
non-immune IgG (a, 6) or anti- 
p2l-Ser (c,d) and fixed 
(absolute methanol, -20 °C, 
5 min) 24 h after injection. The 
cells were treated with fluore- 
scein isothiocyanate-labeUed 
goat anti-rabbit IgG (Cappel 
Laboratories), which stained 
only the injected cells. The 
fields of cells were photo- 
graphed by epifluorescence 
(a, c) and phase-contrast {b,d) 
microscopy with a Zeiss Photo- 
microscope III as described 
elsewhere 1 *, a, b Represent the 
same field of cells injected with 
control IgG and c and d the 
same field of cells injected with 
anti-p21-Scr. 
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Fig. 4 Morphology of Ha-NRK cells after microinjection of: A, anti-p21-Ser and control IgG; and fi, monoclonal antibody Y-238. A, 
Approximately 25 Ha-NRK cells in defined areas (marked by ink circles on the bottom of the dish) were injected with anti-p2!-Ser (a-c) or 
non-immune IgG (d-f). The areas were photographed 30 mir (a. 6), 24 h (c d ) and 36 h («./) post-injection. No change in morphology or 
growth rate was observed for either antibody. B, Approximately 30 Ha-NRK cells were injected with monoclonal antibody Y-238 (ref. 16) 
and photographed 30 min (a), 24 h ( 6), and 36 h (c) after injection. Note the lack of effect of this monoclonal antibody on either the morphology 

or the growth rate of the cells. 



anti-p21-Ser had the morphologically normal, flattened appear- 
ance (Fig. 3c, d) whereas cells injected with control IgG retained 
their rounded, transformed appearance (Fig, 3a, b). 

To determine the specificity of the w vivo effect of the anti-p2 1 - 
Ser preparation in terms of cells transformed by other oncogenic 
ras proteins, the anti-p21-Ser and control IgCs were injected 
(5 x I0 3 molecules per cell) into Ha-NRK cells (that is, NRK 
cells transformed by the v-Ha-nu oncogene protein, which has 
an arginine at position 12). Photomicroscopy indicated that 
neither antibody had an effect on these cells (Fig. 4A); this 
result is consistent with the observation that, in vitro, the ami- 
p21-Ser preparation does not react with the v- Ha- ras protein 
(R.C., G.W„ N.A., D. Nitecki and F.McC., unpublished). 

To determine, whether the ability of anti-p21-Ser to induce 
reversion to normal phenotype is a general property of anti-p2l 
antibodies, one other antibody was tested by this assay. Furth 
and co-workers have produced several rat-derived monoclonal 
antibodies against the v-Ha-ra* prjtein 1 *, including one that is 
relatively specific for the Ha- raj proteins (called Y-238): this 
antibody does not block GTP binding activity, does not discrimi- 
nate between normal and mutant forms of the ras protein and 
probably binds to a site in the Ha- re* protein that is not influen- 
ced by amino acid 12 of the protein. Y-238 was microinjected 



into Ha-NRK cells (I x 10* molecules per cell), and the cells 
were examined by photomicroscopy for 48 h. Neither the Y-238 
monoclonal antibody nor a control IgG preparation had any 
effect on the morphology or growth rate of the cells (Fig. 4B); 
similar results were obtained using Y-259 anti-p21 antibody. 
Thus, the antibody either binds *o a non-essential site on the 
ras protein or does not bind at all to the ras protein in these cells. 

These results, together with the ability of anti-p2 1 -Ser to block 
GTP binding by p2I in vitro (R.C., G.W„ NA, D. Nitecki and 
F.McC., unpublished), are consistent with the idea that the 
interaction of p2l with GTP is crucial to the transforming 
function of the ras gene. However, further studies are required 
to examine the possibility that the antibody disrupts other impor- 
tant activities of p21 such as membrane localization or interac- 
tions with cellular proteins. Whatever mechanism is responsible 
for the observed effects of the microinjected anti-p2 1 -Ser on cell 
behaviour, the data presented here indicate that antibodies 
capable of inactivating oncogene but not proto-oncogene prod- 
ucts can block the expression of the transformed phenotype in 
living cells. Gallick et aL, using antibodies directed against the 
p37 m<w oncogene product of the Moloney murine sarcoma virus, 
reached a similar conclusion; microinjection of the antibodies 
yielded at least a different morphology in transformed celts 1 '. 



l% When antibodies specific Tor other single mutations in the ras 

protein family (N.A. et ol, in preparation) become available, 
we will be able to extend this approach to inhibition of the 
function of the other forms of the oncogenic ras proteins in 

w\ living cell and biochemical systems. Such experiments, coupled 

with studies in which the human ras oncogene protein is injected 
into normal cells, resulting in transient proliferation 4 * 5 , provide 

J- - pew ways of examining the physiology and cell biochemistry of 

the transformation process. 
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The recent development of molecular cloning systems in Streptomy- 
ces 1-4 . has made possible the isolation of Mosynthetfc genes for 
some of the many antibiotics produced by members of this impor- 
tant genus dT bacteria 5 ' 10 . Snch closes can now be used to test 
tne fd^ th^ soold arise through the transfer of 

: : Mosynthetic genes b et w e e n . streptomycetes prodndng different 
aAatWo^'^ Ttel^ compoond being pro- 

duced mnifa^pea1d>B the substrate spedfidtfcs of the biosynthetk 
^t£Sma^iiioat$^A little is known. ^la attempts to demoastrate 
^ < I with ttralBS pro- 

-^^S^^I^akmuBbtnat ^t$^diitada!i class of conipoands 
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mjor^to TOBxbito the chance of tttccess. Here we report the 
^ ^ ?; ,-#ro«^etida^iio^ rompottefli by |^ traatfer between strains 
^^^LmAidaapielh^ actfaorliodlB 11 , 
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Uhydrocraaallrnodln 

Fig. 1 Structures of the tsochromancquinone antibiotics. The 
absolute stereochemistry of dihydrogranatirhodin is tentative (see 
text). 

granatidn u and medertnydn u . These experiments were made poss- 
ible by the recent cloning of the whole set of genes for the 
biosyitthetic pathway of acUnorhodin from Streptomyca coeticolor 
A3(2) (ref. 8). We believe that this represents the first report of 
the production of hybrid antibiotics by genetic engineering. 

Plasmid pIJ2303 (ref. 8) consists of the low-copy-nuxnbcr 
vector plasmid pIJ922, derived from SCP2* (ref. IS), with 32.5 
kilobases (kb) of £ coeticolor A3 (2) DNA inserted at its unique 
Bam H I site 8 . That this inserted DNA carries the complete cluster 
of genes (act) for the biosynthesis of actinorhodin (Fig. 1) from 
simple primary metabolites (probably acetate) is shown by com- 
plementation of all available classes of S. coeticolor act mutants 
by pIJ2303 and by the production of actinorhodin by several 
species of Streptomyces (including & parvuius ATCC 12434, & 
peucetius ATCC 29050, S. tanashiensis KA-415 and & glance- 
scats ETH 22794) carrying pi J2303 (F.M., H.M.K. and D.A.H., 
unpublished). 

In an analysis of the organization and expression of the act 
genes, segments of the total act DNA of pIJ2303 have recently 
been inserted ( F.> i., unpublished) into the Bam HI site of pIJ922 
or into the &z*:HI, BglU or Pst\ sites of pIJ940 (a second 
low-copy-ni' m'jer vector derived from SCP2*; ref. 15). Some of 
these subdues, carrying different transcription units of the act 
region, we. e introduced by transformation into Streptomyces sp. 
AM-7161 (the producer of medermycin), Streptomyces 
violaceoruber Tu22 (the producer of granaticin), and a mutant 
(B1140) of Tu22 blocked in granaticin synthesis, by selecting 
for the thiostrepton-resistance marker of the vectors. The 
efficiency of transformation of these cultures, using standard 
conditions developed for Streptomyces lividans and S. 
coeticolor 16 , by DNA of the clones (isolated from & coeticolor 
A3 (2) derivatives) was only 1-10 per u.g of plasmid DNA, 
compared with 10*-10 7 in & coeticolor A3(2) (ref. 8). These 
reduced frequencies may reflect the operation of restriction 
systems, as well as the fact that no attempt was made to optimize 
transformation conditions for these strains. Nevertheless, trans- 
formants were obtained in ail of the combinations attempted 
(Table 1). 

Actinorhodin, granaticin and medermycin are all acid-base 
indicators which confer characteristic colours on the cultures 
producing them: red** blue for actinorhodin; red** purple for 
granaticin ; and yellow ** brown for medermycin. It was apparent 
from the colours of AM-7161 and B 1140 carrying pIJ2303 that 
the S. coeticolor act genes were being expressed in the recipient 
strains, as blue pigments were present in alkaline conditions. 
More strikingly, the" colours of the cultures produced by 
introducing certain of the partial act clones into the medermycin 
producer (AM-7161) indicated that one or more novel com- 
pounds were present Notable was the bright purple colour, at 
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► ABSTRACT 

p70S6 kinase (S6K1) plays a 
pivotal role in hypertrophic 
cardiac growth via ribosomal 
biogenesis. In pressure- 
overloaded myocardium, we 
show S6K1 activation 
accompanied by activation of 

protein kinase C (PKC), c-Raf, and mitogen-activated protein kinases (MAPKs). To explore the 
importance of the c-Raf/MAPK kinase (MEK)/MAPK pathway, we stimulated adult feline 
cardiomyocytes with 12-0-tetradecanoylphorbol-13-acetate (TP A), insulin, or forskolin to activate PKC, 
phosphatidylinositol-3-OH kinase, or protein kinase A (PKA), respectively. These treatments resulted in 
S6K1 activation with Thr-389 phosphorylation as well as mammalian target of rapamycin (mTOR) and 
S6 protein phosphorylation. Thr-421/Ser-424 phosphorylation of S6K1 was observed predominantly in 
TPA-treated cells. Dominant negative c-Raf expression or a MEK1/2 inhibitor (U0126) treatment 
showed a profound blocking effect only on the TPA-stimulated phosphorylation of S6K1 and mTOR. 
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Whereas p38 MAPK inhibitors exhibited only partial effect, MAPK-phosphatase-3 expression 
significantly blocked the TPA-stimulated S6K1 and mTOR phosphorylation. Inhibition of mTOR with 
rapamycin blocked the Thr-389 but not the Thr-421/Ser-424 phosphorylation of S6K1. Therefore, during 
PKC activation, the c-Raf/MEK/extracellular signal-regulated kinase-1/2 (ERK1/2) pathway mediates 
both the Thr-42 l/Ser-424 and the Thr-389 phosphorylation in an mTOR-independent and -dependent 
manner, respectively. Together, our in vivo and in vitro studies indicate that the PKC/c-Raf/MEK/ERK 
pathway plays a major role in the S6K1 activation in hypertrophic cardiac growth. 

► INTRODUCTION 

Hypertrophic cardiac growth is a major compensatory response of 
the heart to an increased mechanical (hemodynamic) load in the form 
of either pressure or volume overload. Although this response is 
initially compensatory, a transition from this state to failure occurs 
when further growth of the heart is not sufficient to normalize the 
wall stress and maintain contractile function (1). Therefore, a major 
research interest in cardiovascular disease is to understand how the increase in hemodynamic load is 
transmitted intracellular^ for mediating hypertrophic growth. Although the mechanical load appears to 
directly regulate the hypertrophic growth initiation, the signaling mechanism that connects load to such 
growth is not well understood. 

A major cellular event during cardiac hypertrophy is increased protein synthesis (L-5). Enhanced protein 
synthesis can occur via accelerated protein translation, increased biogenesis of translational components, 
or both. A significant amount of mRNA of vertebrate cells possesses a unique 5 '-terminal 
oligopyrimidine (S'-TOP) 1 sequence in the 5'-untranslated region (5'-UTR), and these mRNA species 
generally code for specific ribosomal proteins (6, 7). Their translation is largely controlled via 
phosphorylation of the 40 S ribosomal S6 protein (S6 protein) at its C terminus (8) by p70/85 S6 kinase 
(S6K1) (942). There are two isoforms of S6K1: the 70-kDa isoform was first isolated from mouse 3T3 
cells (13), and the 85-kDa isoform of this kinase was then identified (14). The p85 isoform is expressed 
from the same transcript as the p70 isoform through an alternative translational initiation start site, which 
adds a 23-amino acid nuclear localization signal to the N terminus (.15, 16). Therefore, the 85-kDa 
isoform is predominantly in the nucleus, whereas the 70-kDa isoform is present mostly in the cytoplasm. 
Both the S6K isoforms are collectively called p70/85S6K, p70S6K, or S6K1 and have been shown to 
phosphorylate the S6 protein and mediate the biogenesis of the translational components, including 
several of the ribosomal proteins and elongation factors (12). The p85 isoform has been shown to have 
additional roles in translational control, Gj to S phase transition, and increased DNA synthesis (17). 
Recent studies using S6K1 knockout mice (18) demonstrate no appreciable change in S6 protein 
phosphorylation, 5'-TOP mRNA translation, or cell growth, although these mice exhibited a small mouse 
phenotype. These studies (18) and other independent studies ( 19-21 ) resulted in the discovery of another 
S6K (S6K2), which possesses 70% homology with the p70 isoform of S6K1 but is predominantly 
present in the nucleus due to a C terminus-bound nuclear localization signal. 

In the case of S6K1, complex multisite phosphorylations have been shown to occur in a sequential 
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manner for kinase activation ( 22-25 ). At least eight different phosphorylation sites have been identified 
and can be divided largely into two sets (although the same numbering is used for the position of amino 
acids in p70 and p85 S6K1 isoforms, 23 residues should be added to convert to the numbering of the p85 
isoform). One set of phosphorylation sites, which is important for the kinase activity and sensitivity to 
rapamycin, has sites in the linker region (Thr-389 and Ser-404 sites) and the catalytic domain (Thr-229 
and Ser-371 sites) (22, 26). Thr-389 is located immediately C-terminal to the catalytic domain, and the 
phosphorylation at this site, which occurs during mitogenic stimulation and is rapamycin-sensitive, is 
important both for Thr-229 phosphorylation and increased kinase activity. The Thr-229 site is present in 
the activation loop of the catalytic domain, and phosphorylation at this site is mediated by the 3- 
phosphoinositide-dependent protein kinase 1 (27). A second set of phosphorylation sites involves four 
different residues in the pseudosubstrate domain: Ser-41 1, Ser-418, Thr-421, and Ser-424. 
Phosphorylation of these residues is important for subsequent Thr-389 phosphorylation as well as kinase 
function (28). Excluding Ser-41 1, the phosphorylation of the remaining three residues is mediated 
independent of the rapamycin-sensitive pathway(s) (26). These phosphorylation sites in the 
pseudosubstrate domain (also known as autoinhibitory domain) contain the consensus "Ser/Thr-Pro" 
sequence and, therefore, can be phosphorylated by several members of the proline-directed protein 
kinases, including the MAPK and cyclin-dependent kinases (29). 

At least two major signaling pathways have been described for the phosphorylation and activation of 
S6K1 (30, 31): a protein kinase C (PKC)-dependent pathway (32, 33), and a PKC-independent pathway 
that occurs via the activation of phosphatidylinositol 3-OH-kinase (PI3K) (31, 32, 34). A protein kinase 
A (PKA)-dependent pathway has been recently shown to activate S6K1 (35) and protein kinase B (PKB) 
(36), a kinase involved in the PI3K-mediated S6K1 activation. Several earlier studies (32, 34, 37) 
demonstrate that the MAPK family members, such as ERKs, were neither necessary nor sufficient for 
S6K1 activation. Furthermore, an isoform of PKC (e.g. PKCg) has been shown to associate directly with 
mTOR (38), indicating the possibility for S6K1 activation without the involvement of c-Raf/MEK/ERK 
pathway. However, recent reports ( 39-41 ) demonstrate the importance of ERK signaling for S6K1 
activation under specific conditions. 

In 1- to 4-h pressure-overloaded feline myocardium, our recent study (42) showed that the PKC, but not 
the PI3K-dependent pathway, contributes significantly to S6K activation. In the present study, we 
observed that this activation was also accompanied by the activation of the c-RafTMAPK pathway. 
Therefore, we used cultured adult feline cardiomyocytes or cardiocytes to explore: (i) whether c-Raf, 
MEK, and MAPKs are key intermediary players for PKC-mediated S6K1 activation, and (ii) whether 
the PKC- but not the PI3K-mediated S6K1 activation requires the c-Ra£/MEK/MAPK pathway. Using 
dominant negative c-Raf (C4B) adenovirus, we demonstrate for the first time that c-Raf is a critical 
downstream component for the PKC-mediated, but not the PI3K or the PKA-mediated, phosphorylation 
of S6K1 and mTOR at their critical sites in adult feline cardiocytes. Furthermore, we demonstrate that 
the PKC-mediated S6K1 activation and mTOR phosphorylation require the involvement of both 
MEK1/2 and ERK1/2. 

► MATERIALS AND METHODS 

I -H 
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Chemicals- Phenylmethylsulfonyl fluoride, 1, 4-dithiothreitol, and 

E-64 (/ra^-epoxysuccinyl-L-leucylamido-(4-guanidino)butane) were 
purchased from Roche Molecular Biochemicals GmbH (Mannheim, 

Germany). Aprotinin, leupeptin, sodium orthovanadate, okadaic acid, 

EGTA, Triton X-100, and p-glycerophosphate were obtained from 

Sigma Chemical Co. (St. Louis, MO); insulin was from Invitrogen 

(Grand Island, NY); 12-0-tetradecanoylphorbol-13-acetate (TP A), 

forskolin, bisindolylmaleimide-I (BIM), wortmannin, U0126, SB202190 and SB203580 were from 

Calbiochem (La Jolla, CA). 

Antibodies- The following antibodies were commercially obtained: anti-C-terminal S6K1 (C-18) from 
Santa Cruz Biotechnology Inc. (Santa Cruz, CA); anti-phospho-Thr-389 S6K1, anti-phospho-Thr- 
421/Ser-424 S6K1, anti-phospho-PKC (pan), anti-phospho-Thr-202/Tyr-204 ERK1/2, anti-phospho- 
Thr-180/Tyr-182 p38 MAPK, anti-phospho-Thr-183/Tyr-185 SAPK/JNK (stress activated protein 
kinase/c-Jun N-terminal kinase), anti-phospho-Ser-235/Ser-236 ribosomal S6 protein, anti-phospho-Ser- 
2448 mTOR, and anti-phospho-Thr-308 PKB from Cell Signaling Technology Inc. (Beverly, MA); anti- 
c-Raf from Transduction Laboratory (Lexington, KY). 

Animal Model- Adult cats weighing -3 kg were used for right ventricular pressure-overload (RVPO) by 
partial occlusion of the pulmonary artery, as we described previously (43, 44). Briefly, cats underwent 
partial pulmonary artery occlusion by either external banding for 24 and 48 h or insertion of a balloon 
catheter for 1 and 4 h. Systemic arterial pressure remained the same whereas the pulmonary arterial 
pressure was at least doubled. The left ventricle (LV) from each cat served as the same animal internal 
control for pressure-overloaded right ventricle (RV). Additional control samples (LV and RV) were 
obtained from sham-operated cats by thoracotomy and pericardiotomy without any arterial occlusions. 
The care of the animals and all experiments were conducted in accordance with the institutional 
guidelines of Medical University of South Carolina. 

Adult Cardiocyte Culture Model- Adult feline cardiocytes were isolated from normal cats and cultured 
on laminin coated four-well culture trays as described previously (45). Isolated cardiocytes were 
suspended in a 1.8 mM Ca 2+ containing mitogen-free M-199 medium at pH 7.4. Cells were plated at a 
density of 1 .5 * 10 5 cells/well and cultured at 37 °C in humidified air with 5% C0 2 . 

Recombinant Adenoviruses for Dominant Negative c~Raf Expression- c-Raf dominant negative mutant 
plasmid (RSV-Raf-C4B) was kindly provided by Dr. M. Abdellatif at the Baylor College Medicine. The 
plasmid was derived by fusing the N-terminal regulatory domain of c-Raf to the C-terminal antigenic 
region of B-Raf (46). The dominant negative effect is attributed to a cysteine finger domain in the N- 
terminal regulatory domain (C4), which interacts with upstream factors resulting in the loss of 
endogenous c-Raf activation. 

RSV-Raf-C4B was cloned into adenovirus shuttle plasmid pAd.CMV-Link.l (47). Each cDNA insert 
was subcloned into the multiple cloning site of the shuttle plasmid by standard cloning procedures. The 
shuttle plasmid contained linker arms flanking either side of the cDNA insert that consists of 
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adenovirus-5 sequences from 0 to 1 map unit and 9 to 16 map units, respectively. The plasmid was 
modified previously to produce a high level of expression by placing the constitutively active CMV 
promoter on the 5'-end of the multiple cloning sites and the SV40 polyadenylation signal on the 3'-end. 
As a test to demonstrate constitutive expression of the cDNA inserts, the shuttle plasmid was transiently 
transfected into human 293 kidney cells and protein expression monitored by Western blotting. The 
purified shuttle plasmid was digested with the restriction enzymes Nhel and Narl to obtain the "rescue" 
fragment. The fragment was then purified on agarose gel, and 2 \xg of purified rescue fragment was used 
for homologous recombination. 

The adenoviral plasmid pTG3602 from the SCSI 10 bacterial strain was grown, and the purified plasmid 
was linearized by cutting at the Clal site present in the El A region. Linearized pTG3602 (10 ng) was 
then mixed with the rescue fragment, and the DNA mixture was transformed into the BJ5183 bacterial 
strain and incubated overnight. Colonies were screened by digesting the DNA with Pol and performing 
a Southern blot to confirm the presence of the cDNA insert. The DNA with the proper orientation and 
insert was transformed into the DH5 a bacterial strain for recombination. The recombinant construct, 
purified using Qiagen Maxi-preps, was digested overnight with Pad and transfected into 293 cells using 
Lipofect AMINE. The 293 cell line has the El region integrated into its genome; the defective El region 
of the adenoviral genome was complemented by the cellular genome. 

Adenoviral plaques were allowed to develop, and the plaque was purified a second time by infecting 
293 cells and overlaying with agar. After large-scale preparation, adenoviruses were purified by CsCl 
gradient centrifugation, dialyzed, and titered by plaque assay (48, 49). Adenovirus for mitogen-activated 
protein kinase phosphatase-3 (MKP-3), generated using similar protocol, was obtained from Dr. Donald 
R. Menick's laboratory. 

Stimulation ofS6Kl in Cultured Cardiocytes— Freshly isolated adult feline cardiocytes were cultured 
overnight and stimulated with 200 nM TP A, 100 nM insulin, or 1 forskolin in the presence or 
absence of various pharmacological agents for indicated periods of time. Stock solutions for TP A and 
forskolin were prepared in Me 2 SO, and Me 2 SO-treated cardiocytes were used as controls for these 

experiments. For treatment with pharmacological inhibitors, cardiocytes were preincubated for 30 min 
with the inhibitors and then the cells were stimulated with TPA, insulin, or forskolin. For the adenoviral 
expression, freshly isolated cardiocytes were plated on laminin-coated trays and incubated for 4 h prior 
to infection. Cells were then incubated overnight in serum-free M-199 media containing the adenovirus 
at m.o.i. (multiplicity of infection) levels of 2 and 10 for MKP-3 and 250 for C4B. Cells infected with an 
equal m.o.i. of p-galactosidase adenovirus served as control. The media was replaced with serum-free 
Ml 99 media, and cells were incubated for an additional 24 h before agonist stimulation. 

Western Blotting- Triton X-100 soluble and insoluble samples were prepared as we previously 
described (50) with a few minor modifications. Briefly, following the stimulation, cardiocytes were 
extracted with lysis buffer (30 mM Tris-HCl, pH 7.4, 2% Triton X-100, 10 mM p-glycerolphosphate, 
10 ng/ml aprotinin, 10 jig/ml leupeptin, 2 ^iM E-64, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM 
sodium orthovanadate, 0.02 \xM okadaic acid, 0.5 mM EGTA). The cell lysate was centrifuged at 
160,000 x g for 30 min, and the protein concentration in the supernatant was measured using BCA 
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(Pierce) reagent. The supernatant was then boiled with SDS-sample buffer and used as detergent-soluble 
fraction. The pellet obtained after centrifugation was resuspended in SDS-sample buffer, boiled for 
5 min, and centrifuged for 5 min at room temperature to obtain detergent-insoluble fraction. The protein 
concentration in each sample was determined using BCA reagent (Pierce) and adjusted for comparison. 

20 \i\ of detergent-lysed subfractions (or insoluble fraction in the case of S6 protein detection) was 
resolved by SDS-PAGE, and the proteins were transferred electrophoretically to Immobilon-P 
membranes (Millipore Corp., Bedford, MA). The membranes were blocked for 1 h using 10% milk in 
TBST buffer (10 mM Tris, 0.1 M NaCl, 0.1% Tween 20, pH 7.4). Blots were incubated with the primary 
antibodies in TBST buffer overnight at 4 °C with gentle agitation. Following the incubation with the 
primary antibodies, blots were washed three times with TBST buffer each for 5 min and incubated with 
appropriate horseradish peroxidase-labeled secondary antibodies (Vector Laboratories, Burlingame, CA) 
in TBST buffer for 1 h at room temperature. After washing the blots, the proteins were detected by 
enhanced chemiluminescence (Renaissance, PerkinElmer Life Sciences, MA). 

► RESULTS 

S6KJ Activation in Pressure Overloaded Myocardium-- The purpose 
of this study was to demonstrate that the PKC-mediated S6K1 
activation in adult cardiocytes requires the activation of the c- 
Raf/MEK/MAPK pathway. To test this possibility, we analyzed 
whether the S6K1 phosphorylation/activation in pressure-overloaded 
feline myocardium is accompanied by the activation of MAPK 

family members (ERK1/2, p38 MAPK, and JNKs), c-Raf, and PKC. The activation of all these kinases 
can be analyzed by taking three different approaches: (i) Western blot analysis using regular antibodies 
to observe changes in the mobility on SDS-PAGE, which is indicative of distinct phosphorylation of 
these kinases upon activation, (ii) Western blot analysis using phospho-specific antibodies to determine 
the phosphorylation of critical residues necessary for kinase activation, and (iii) immune complex kinase 
assays. In the present study, we undertook the first two approaches. 

Right ventricular pressure overload was induced for time periods of 1-48 h by pulmonary artery 
occlusion. Sham-operated control cats underwent similar surgical interventions without occluding the 
pulmonary artery. Compared with the sham control ventricles (LV or RV) or unloaded same animal LV 
controls, 1-h pressure-overloaded RVs exhibited a dramatic change in the mobility of both the S6K 
isoforms (p70 and p85) during SDS-PAGE separation (Fig. \A). This retarded mobility (band shifting) 
was also seen in 4- and 24-h pressure overloaded RV, and returned partially to the control levels in 48 h 
RV. We used phospho-specific antibodies that detect either the Thr-389-phosphorylated or the Thr- 
421/Ser-424-phosphorylated (simultaneously) S6K1 isoforms. Thr-389 and Thr-421/Ser-424 
phosphorylation of the p70 S6K isoform was either almost absent or present at very low levels in 
unloaded control LVs and RVs. However, 1-h pressure-overloaded RVs exhibited a robust increase in 
phosphorylation of all three sites. Such increased phosphorylation was also observed in 4-, 24-, and 48-h 
pressure-overloaded RVs. In the case of the p85 isoform, Thr-389 phosphorylation was significant in 4- 
and 24-h pressure-overloaded myocardium, whereas for the Thr-421/Ser-424 sites, significant 
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phosphorylation was observed as early as 1 h and persisted up to at least 48 h of pressure overloading. 
The pattern of S6K1 activation matches precisely with our earlier studies performed under similar 
conditions (42). Overall, these data demonstrate once again that S6K1 is activated to a substantial level 
as early as 1 h of pressure overloading of the myocardium, and the activation is sustained for at least 
24 h. Interestingly, the S6K1 activation is also accompanied by an increased mTOR phosphorylation at 
the Ser-2448 site. Such enhanced phosphorylation, which is indicative of mTOR activation (51), was 
observed as early as 1 h of pressure overload and matches the S6K1 activation time course. 



Fig. 1. Activation of S6K1 and PKC/c-Raf/MAPK pathway in 
pressure-overloaded myocardium. Left and right ventricles (LVs and 
RVs) obtained from sham-operated control feline hearts and from 1-, 4-, 24- 
, and 48-h right ventricular pressure-overloaded (RVPO) feline hearts were 
homogenized in Triton X-100 buffer. The Triton-soluble fraction was then 
used for Western blot analysis using non-selective and phosphorylation 
state-specific antibodies as described under "Materials and Methods." A, 
Western blot showing electrophoretic mobility change, detected with non- 
selective anti-S6Kl antibody and phosphorylation status at specific sites 
(Thr-389 and Thr-421/Ser-424) of S6K1 isoforms, detected with 
phosphorylation state-specific antibodies. B, Western blot showing changes 
in electrophoretic mobility of c-Raf (measured using non-selective anti-c- 
Raf antibody) and phosphorylation status (measured using phosphorylation 
state-specific antibodies) of ERK1/2, p38 MAPK, JNK, and PKC. The 
results were confirmed in two other independent sets of experimental cats. 



Next, we analyzed whether a signaling pathway that includes the activation of PKC, c-Raf, and the 
MAPK family members accompanies the S6K1 activation process. The activation of MAPK family 
members and PKC was determined by Western blot analysis using phospho-specific antibodies whereas 
c-Raf activation was analyzed by its retarded electrophoretic mobility during SDS-PAGE separation 
combined with Western blot detection. Analysis using phospho-specific antibodies for extracellular 
signal-regulated kinase (ERK isoforms, 42 and 44 kDa), p38 MAPK, and c-Jun N-terminal kinase (JNK 
isoforms, 42 and 60 kDa) showed a clear activation of all of these family members in 1- to 4-h pressure- 
overloaded right ventricular samples (Fig. IB). Whereas both of the ERK isoforms remained active up to 
48 h, p38 MAPK and JNK showed a decline in phosphorylation in 24- and 48-h pressure-overloaded 
myocardium following their initial activation. Furthermore, pressure overloading for 1 h or more 
resulted in a retarded electrophoretic mobility of c-Raf (disappearance of the lower band) during SDS- 
PAGE separation, which is indicative of phosphorylation and activation as reported previously (52). To 
demonstrate PKC activation, we used a commercially available phospho-specific pan PKC antibody. 
Although the antibody detected protein bands even in the unloaded controls (lower most band is present 
both in LV or RV of control cat sample), pressure-overloaded RV samples, relative to the unloaded 
(same animal) LV control, exhibited one or more newly phosphorylated PKC isoforms (upper bands) 
indicative of their activation. The time course of activation of the PKC/c-Raf/MAPK pathway and S6K1 
is very similar. 
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Agonist-stimulated S6K1 Activation in Adult Cardiocytes— Cardiocytes cultured for 24 h were 
stimulated with 200 nM TPA, 100 nM insulin, or 1 \iM forskolin to activate PKC, PI3K, or PKA, 
respectively. Treatment with all three agents activated bothp70 and p85 isoforms (S6K1) within 30 min 
as evidenced by the retarded electrophoretic mobility during SDS-PAGE separation (Fig. 24). 
Furthermore, studies performed with phospho-specific antibodies demonstrated that stimulation of 
cardiocytes with all three agents resulted in the Thr-389 phosphorylation of both the S6K1 isoforms (p70 
and p85). This phosphorylation was observed as early as 8 min and peaked within 30 min of treatment. 
However, Thr-421/Ser-424 phosphorylation was significantly increased over control only in TPA-treated 
cells. Furthermore, TPA-stimulated phosphorylation at Thr-421/Ser-424 sites (8 min) was found to 
occur prior to the phosphorylation at the Thr-389 residue (15 min) and remained higher up to 60 min. 
This phosphorylation pattern of the Thr-389 and Thr-421/Ser-424 residues in S6K1 isoforms following 

the TPA treatment appeared similar to the changes observed in pressure-overloaded myocardium (Fig 

LA). 



Fig. 2. Agonist-stimulated activation of S6K1 and c-Raf/MAPK 
pathway in isolated adult feline cardiocytes. Adult feline 
cardiocytes were cultured on laminin-coated plates overnight and 
stimulated with 200 nM TPA, 100 nM insulin, or 1 ^M forskolin for 
various time periods. Cardiocytes left either in media alone (Cont) or 
in Me 2 SO (DMSO) served as controls for insulin and for TPA and 

forskolin, respectively. Cells were processed as described under 
"Materials and Methods," and the samples were used for Western blot 
analysis using non-selective and phosphorylation state-specific 
antibodies. A, Western blot showing electrophoretic mobility change 
and phosphorylation state at specific sites of S6K1 isoforms. B, 
Western blots showing changes in electrophoretic mobility of c-Raf 
and phosphorylation status of ERK1/2, p38 MAPK, and JNK. The 
results were confirmed in two other independent experiments. 



Next, we analyzed whether the agonist-stimulated S6K1 activation was accompanied by the activation 
of one or more c-Raf/MEK/MAPK pathways. Compared with the untreated or Me 2 SO-treated controls, 
TPA-treated cardiocytes exhibited a substantial phosphorylation/activation of ERK1/2 (both the p42 and 
p44 isoforms) and p38 MAPK (Fig. 2B). However, TPA treatment did not result in a significant 
activation of JNK family kinases (both p42 and p60 isoforms). In the Western blot performed for JNK, a 
low level protein band in the TPA panel actually corresponds to ERK1/2 and not JNK. Apparently, this 
might be due to cross-reactivity of the phospho-specific JNK antibody. In the case of the other two 
stimulants, there were no significant changes observed for all the MAPK family members following the 
insulin treatment, although forskolin treatment resulted in p38 MAPK activation. Furthermore, c-Raf 
showed retarded electrophoretic mobility only in TPA-treated cardiocytes (Fig. 2B, TPA panel), and this 
observation was similar to that seen in pressure-overloaded myocardium. However, all three stimulants, 
similar to their effect on S6K1, caused phosphorylation of mTOR at the Ser-2448 site, indicative of its 
activation (51). Overall, these results demonstrate that only in the TPA-stimulated cardiocytes, S6K1 
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activation is accompanied by the activation of c-Raf/ERK signaling pathway and that this activation 
pattern matches the observation in in vivo pressure-overloaded myocardium. 

Specificity of TP A and Insulin-stimulated S6K1 Activation- We analyzed whether TPA, insulin, and 
forskolin activate S6K1 via stimulating PKC, PI3K, and PKA 5 respectively. For this, we used specific 
pharmacological inhibitors, bisindolylmaleimide-I (BIM) and wortmannin to block PKC and PI3K, 
respectively. Pretreatment of cardiocytes with 5 \xM BIM resulted in the loss of the TPA-stimulated but 
not the insulin- or forskolin-stimulated S6K1 phosphorylation/activation (Fig. 3). On the other hand, 
100 nM wortmannin had no effect on TPA- and forskolin-stimulated S6K1 activation but significantly 
blocked the insulin-stimulated S6R1 activation, as evidenced by a faster electrophoretic mobility and 
reduced Thr-389 phosphorylation. These data indicate that S6K1 activation during TPA, insulin, and 
forskolin stimulation is mediated via PKC, PI3K, and PKA pathways, respectively. 



Fig. 3, Demonstration of S6K1 activation via PKC, 
PI3K, or PKA pathway during various agonist 
stimulation. Cultured adult cardiocytes were preincubated 
for 30 min in the absence or presence of 5 |nM 
bisindolylmaleimide-I (BIM) or 100 nM wortmannin and then 
stimulated for 30 min with 200 nM TPA, 100 nM insulin, 
1 (iM forskolin, or control. Cells were processed as described 
under "Materials and Methods," and the samples were used 
for Western blot analysis using non-selective and 
View larger version (52KV phosphorylation state-specific S6K1 antibodies. The results 
[in thi s window] were confirmed in one other independent experiment. 
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Effect of Dominant Negative c-Raf on S6K1 Activation- A major interest of this study is to demonstrate 
that, during PKC-mediated S6K1 activation, c-Raf plays a critical intermediate role. Both in pressure- 
overloaded myocardium and in TPA-stimulated adult cardiocytes, S6K1 activation was accompanied by 
a retarded mobility of c-Raf during SDS-PAGE separation, indicative of its kinase activation. 

We constructed a recombinant adenovirus, because the conventional transfection is not possible in adult 
cardiocytes, to facilitate the expression of dominant negative c-Raf mutant (C4B). Adenovirus harboring 
the p-galactosidase gene was used as a control virus. Cardiocytes were infected with 250 m.o.i. of 
adenovirus, a concentration determined to be sufficient to block the c-Raf-mediated effect. In C4B 
adenovirus-infected cardiocytes, but not in p-galactosidase adenovirus-infected cardiocytes, C4B protein 
was expressed in substantial amounts (Fig. 44), at least 20-fold higher than the endogenous c-Raf level 
(the same antibody was used to detect the 32-kDa C4B and 65-kDa c-Raf). TPA treatment of control or 
p-galactosidase-expressing cells resulted in the retarded electrophoretic mobility of c-Raf, as observed 
earlier (Fig. 2B). However, such effect was completely lost in the case of C4B-expressing cells and 
showed faster migration, indicating the loss of c-Raf activation (Fig. 4A). c-Raf activation was low in 
insulin- and forskolin-treated cardiocytes, and the expression of dominant negative c-Raf blocked even 
the low level activity of c-Raf as indicated by the faster mobility of this kinase during SDS-PAGE 
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separation. 



Fig. 4, Effect of dominant negative c-Raf (C4B) on agonist-stimulated 
S6K1 activation in adult cardiocytes. Freshly isolated adult cardiocytes 
cultured on laminin-coated plates were infected overnight with 250 m.o.i. 
(multiplicity of infection) of an adenovirus harboring either P-galactosidase 
or C4B as described under "Materials and Methods." 36 h post infection, 
the cardiocytes were either left untreated (control) or stimulated with 
200 nM TPA, 100 nM insulin, or 1 jaM forskolin. Cells were processed as 
described under "Materials and Methods," and the samples were used for 
Western blot analysis using non-selective and phosphorylation state- 
specific antibodies. A, Western blot showing expression of C4B, changes in 
c-Raf electrophoretic mobility and phosphorylation status of ERK1/2, p38 
MAPK, and mTOR. 5, Western blot showing electrophoretic mobility 
change and phosphorylation status at specific sites of S6K1 isoforms and 
S6 protein. The results were confirmed in three other independent 
experiments. 



Next, we analyzed whether the expression of dominant negative c-Raf (C4B) results in the loss of 
MAPK activation. Compared with the control and insulin- and forskolin-treated cells, 30-min TPA 
treatment caused both ERK1/2 and p38 MAPK activation (Fig. 44), as was observed in the previous 
experiment (Fig. 2B). Results shown in Fig. 4A demonstrate clearly that C4B expression blocks the 
activation of TPA-stimulated ERK1/2 and p38 MAPK activation. Therefore, expression of C4B at -20- 
fold higher the concentration of endogenous c-Raf can result in the loss of TPA-mediated activation of 
c-Raf, ERK1/2, and p38 MAPK. Although forskolin-stimulatedp38 MAPK activation was observed in 
the previous experiment (Fig. 2B\ its activation was low in the present experiment. Furthermore, 
forskolin stimulation, but not TPA or insulin-stimulation, lowered the c-Raf level in these long term 
cultured (a total of 3 days) cardiocytes, used for adenoviral infection. 

We also analyzed the phosphorylation status of mTOR using a Ser-2448 phosphorylation state-specific 
antibody. All three stimulants phosphorylated mTOR at the Ser-2448 site (Fig. 4A). C4B expression 
specifically blocks the TPA-stimulated but not the insulin- or forskolin-stimulated mTOR 
phosphorylation. Therefore, c-Raf activity is required only for the TPA-stimulated mTOR activation. 

Because the expression of dominant negative c-Raf resulted in the loss of the c-Raf/MAPK pathway, we 
next analyzed the importance of this pathway for S6K1 activation. Expression of dominant negative c- 
Raf (C4B) almost completely blocked the TPA-stimulated changes in the electrophoretic mobility of 
S6K1 isoforms (both p70 and p85), as well as blocked the phosphorylation at Thr-389 and Thr-421/Ser- 
424 sites (Fig. 45). Importantly, this effect is very specific to TPA-stimulated S6K1 activation, because 
the insulin-stimulated S6K1 activation is unaffected under these conditions. Similarly, in forskolin- 
stimulated cardiocytes, the retarded electrophoretic mobility was not affected by the expression of C4B, 
although a low level reduction was observed in Thr-389 phosphorylation. 

To demonstrate further that C4B expression blocks S6K1 activation in TPA-stimulated cells, we 
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analyzed the phosphorylation state of 40 S ribosomal S6 protein, a specific target of S6K1 isoforms (9r 
12). Stimulation of cardiocytes with all the stimulants resulted in a substantial increase in the level of 
phosphorylated S6 protein (Fig. 4B). However, C4B, but not the control (p-galactosidase) adenovirus- 
infected cardiocytes, showed a complete loss of TPA-stimulated S6 protein phosphorylation. Similar to 
the effect on S6K1 , S6 protein phosphorylation was unaffected during insulin or forskolin stimulation. 
Therefore, all these studies clearly demonstrate that the dominant negative c-Raf specifically blocks the 
TPA-stimulated (PKC-mediated) S6K1 activation and S6 protein phosphorylation and that these events 
are unaffected during insulin or forskolin stimulation. 

Effect ofMEKl/2 Inhibitor (U0126) on S6K1 Activation- A major downstream target of c-Raf is 
mitogen-activated protein kinase kinase/ERK kinase (MEK1/2), which is an immediate upstream 
activator of ERK1/2. We employed U0126, a specific inhibitor of MEK1/2, and analyzed whether 
pretreatment with this drug blocks TPA-stimulated S6K1 activation. The effect of U0126 on TPA- 
stimulated S6K1 activation mirrors the C4B (dominant negative c-Raf) effect. The TPA-stimulated 
activation of both the S6K1 isoforms (p70 and p85), as measured in terms of either band-shifting or 
phosphorylation at Thr-389 and Thr-421/Ser-424 sites, was significantly blocked when cardiocytes were 
preincubated with 10 U0126 (Fig. 5). However, unlike the C4B that blocked only the TPA effect, the 
U0126 treatment showed a low level blocking effect on the insulin-stimulated S6K1 activation (as 
evidenced by the partial reversal of both the electrophoretic mobility and the loss of phosphorylation at 
Thr-389 and Thr-421/Ser-424 sites). However, the changes associated with S6K1 during forskolin 
treatment were unaffected by the drug treatment. 



Fig. 5. Effect of MEK1/2 inhibitor (U0126) on agonist- 
stimulated S6K1 activation in adult cardiocytes. Cultured adult 
cardiocytes were preincubated for 30 min in the absence or presence 
of 10 nM U0126 and then stimulated for 30 min with 200 nM TPA, 
100 nM insulin, or 1 ^iM forskolin. Unstimulated cardiocytes served 
as controls. Cells were processed as described under "Materials and 
Methods," and the samples were used for Western blot analysis 
using non-selective and phosphorylation state-specific antibodies. 
Western blot shows electrophoretic mobility change and 
phosphorylation status at specific sites of S6K1 isoforms, mTOR, 
ERK1/2, and p38 MAPK. The results were confirmed in two other 
independent experiments. 



Treatment of cardiocytes with U0126 blocked only the TPA-stimulated but not the insulin- or forskolin- 
stimulated mTOR phosphorylation. This suggests that the c-Raf/MEK pathway is important for the Ser- 
2448 phosphorylation of mTOR. We also tested whether U0126 treatment results specifically in the loss 
of ERK1/2 activation but not the other members of the MAPK family such as the p38 MAPK. 
Pretreatment of cardiocytes with U0126 strongly blocked the TPA-stimulated ERK1/2 activation (Fig. 
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5). However, its blocking effect on the TPA-stimulated p38 MAPK activation was weak. As observed in 
the previous experiment (Fig. IB), only forskolin treatment but not insulin treatment resulted in p38 
MAPK activation. However, such activation was not significantly altered by the pretreatment with 
U0126. Overall, these data demonstrate that U0126 treatment, which is known to block the MEK1/2 
activation, results in the loss of TPA-stimulated ERK1/2 activation and mTOR phosphorylation, and 
these effects are very similar to. C4B effect in TPA-stimulated cardiocytes. The loss of these kinase 
activities is observed with the loss of S6K1 phosphorylation and activation, demonstrating that the c- 
Raf/MEK pathway is critical for the TPA-mediated S6K1 activation. 

Effect of ERKl/2-specific Phosphatase (MKP-3) Expression on S6K1 Activation- Next, we analyzed the 
importance of ERK1/2 as a downstream component of c-Raf/MEK signaling in mediating S6K1 
activation. Because no specific pharmacological inhibitors or dominant negative constructs have been 
developed for blocking ERK1/2, we used MKP-3, a dual specific ERK1/2 phosphatase, to 
dephosphorylate and inactivate ERK1/2 (53) in an adenoviral construct similar to that for C4B. The 
infection of cardiocytes was performed as described under "Materials and Methods." We determined the 
concentration of adenovirus sufficient to block primarily the TPA-stimulated ERK and S6K1 activation. 
Infection of cardiocytes with 2 m.o.i. of MKP-3 adenovirus but not p-galactosidase adenovirus lowered 
the TPA-stimulated ERK1/2 activation, and this effect was observed more significantly at 10 m.o.i. of 
MKP-3 adenovirus (Fig. 6). This suggests that MKP-3 inactivates ERK1/2, as reported previously (54). 
Next we analyzed the effect of MKP-3 expression on the agonist-stimulated S6K1 activation. The TPA- 
stimulated retarded electrophoretic mobility of both S6K1 isoforms was substantially blocked in 
cardiocytes that were infected with the low concentration of MKP-3 adenovirus (2 m.o.i.) but not in p- 
galactosidase virus-infected cardiocytes. At the higher concentration of MKP-3 adenovirus (10 m.o.i.) 
but not p-galactosidase adenovirus, the change in TPA-stimulated electrophoretic mobility is almost 
completely lost. However, such a change in electrophoretic mobility in insulin- and forskolin-stimulated 
cardiocytes was not significantly affected by MKP-3 expression. These data suggest that ERK1/2 
inactivation has a profound effect on the TPA-stimulated S6K1 activation. Analysis of the 
phosphorylation status of S6K1 demonstrates that both the Thr-421/Ser-424 and Thr-389 
phosphorylation was significantly lost in TPA-stimulated cells. However, MKP-3 expression even with 
higher concentration of adenovirus showed no effect on the insulin-stimulated S6K1 phosphorylation, 
although a low level blocking effect was observed on the forskolin-stimulated S6K1 phosphorylation. 
Furthermore, the effect of MKP-3 on the mTOR phosphorylation was similar to the loss of ERK1/2 and 
S6K1 phosphorylation. That is, Ser-2448 phosphorylation of mTOR was specifically reduced in the case 
of TPA- but not insulin- or forskolin-stimulated cardiocytes. These studies demonstrate that MKP-3 
expression, which is used to block ERK1/2, results in a significant loss on the TPA-stimulated S6K1 and 
mTOR phosphorylation, and these effects are similar to the effect observed with C4B expression. 
Although the expression of MKP-3, an ERKl/2-specific phosphatase (53), results in the loss of ERK1/2 

activation, this phosphatase also lowers p38 MAPK phosphorylation, especially at higher levels of 
expression. 



Fig. 6, Effect of MAPK phosphatase (MKP-3) 
overexpression on agonist-stimulated S6K1 activation in 
adult cardiocytes. Freshly isolated adult cardiocytes cultured 
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on laminin-coated plates were either left in serum-free media 
or infected overnight with either MKP-3 or P-galactosidase 
adenovirus at indicated virus concentration (m.o.i.). 36 h post 
infection, both the cardiocyte cultures were stimulated with 
200 nM TPA, 100 nM insulin, or 1 \xM forskolin. The samples 
were processed as described under "Materials and Methods" 
and used for Western blot analysis using non-selective and 
phosphorylation state-specific antibodies. Western blot 
shows electrophoretic mobility change and phosphorylation 
status at specific sites of S6K1 isoforms, mTOR, ERK1/2, 
and p38 MAPK. The results were confirmed in two other 
independent experiments. 



Effect ofp38 MAPK Inhibition on S6K1 Activation- Because our data demonstrate that c- 
Raf/MEK/MAPK controls PKC-mediated S6K1 activation, we analyzed the importance of MAPK 
family members. Both U0126 that blocked the MEK/ERK activation and MKP-3 that blocked ERK1/2 
activation, showed a partial effect on the p38 MAPK activation. Therefore, it is possible that either 
ERK1/2 and/or p38 MAPK contribute to the S6K1 activation. p38 MAPK can be blocked with specific 
SB compounds, such as SB203580 and SB202190. Pretreatment of cardiocytes with these drugs 
exhibited the following changes (Fig. 7): (i) no significant changes in the TPA-stimulated S6K1 
activation and Thr-421/Ser-424 phosphorylation except a low level drop in the Thr-389 phosphorylation, 
(ii) insulin-stimulated S6K1 activation (retarded electrophoretic mobility) and Thr-389, Thr-421/Ser-424 
phosphorylation were partially blocked, and (iii) forskolin-stimulated S6K1 activation and 
phosphorylation were unaffected. Therefore, in the case of TPA-stimulated S6K1 activation, the 
phosphorylation of Thr-421/Ser-424 sites for which p38 MAPK could serve as a potential upstream 
kinase, is unaffected by the action of SB compounds. Furthermore, although TPA- and insulin- 
stimulated Thr-389 phosphorylation was partially blocked by SB compounds, mTOR phosphorylation 
was not affected significantly, especially in the case of TPA- and forskolin-stimulated cardiocytes, 
indicating mTOR activation alone is not sufficient for the Thr-389 phosphorylation. Overall, these 
studies performed with SB compounds demonstrate that p38 MAPK does not contribute significantly to 
S6K1 activation and Thr-421/Ser-424 phosphorylation. 
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Fig. 7. Effect of p38 MAPK inhibitors (SB203580 and 
SB202190) on agonist-stimulated S6K1 activation in adult 
cardiocytes. Cultured adult cardiocytes were preincubated 
for 30 min in the absence or presence of SB203580 
compound (1 and 2.5 nM) and SB202190 compound (1 jiM) 
and then stimulated for 30 min with 200 nM TPA, 100 nM 
insulin, or 1 |aM forskolin. Unstimulated cardiocytes served 
as controls. Samples were used for Western blot analysis 
using non-selective S6K1 antibody and phosphorylation 
state-specific S6K1 and mTOR antibodies. Western blot 
shows electrophoretic mobility change and phosphorylation 
status at specific sites of S6K1 isoforms and mTOR. The 
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results were confirmed in two other independent experiments. 



Effect of Rapamycin on S6K1 Activation- mTOR is a Ser/Thr kinase and a critical component for S6K1 

activation. The functional role of this kinase can be blocked with nanomolar concentrations of 

rapamycin. Therefore, we analyzed the effect of rapamycin on the phosphorylation pattern of S6K1 

during all three types of stimulants. The activation of both S6K1 isoforms by all three stimulants was 

blocked when cardiocytes were pretreated with rapamycin (Fig. 8). Furthermore, rapamycin treatment 

blocked Thr-389 phosphorylation, indicating that the phosphorylation at this site requires mTOR 

activity/Interestingly, rapamycin pretreatment did not affect the TPA-stimulated Thr-421/Ser-424 

phosphorylation, although there were changes in the migration of such phosphorylated S6K1 species 

during SDS-PAGE separation. The changes in the position of Thr-421/Ser-424 phosphorylated protein 

bands upon rapamycin pretreatment are likely due to faster electrophoretic mobility of S6K1 following 

the loss of phosphorylation at other potential sites. In the case of insulin-treated cardiocytes, this 

phosphorylation, which was relatively lower when compared with the TPA-treated cardiocytes, was 

brought to the basal level by the rapamycin pretreatment. Taken together, these data demonstrate that (i) 

the Thr-389 phosphorylation induced by all three agents can be blocked with rapamycin and (ii) the 

phosphorylation at Thr-421/Ser-424 sites of S6K1 in TPA-treated cardiocytes proceeds independent of 
mTOR. 



Fig. 8. Effect of rapamycin on agonist-stimulated S6K1 
activation in adult cardiocytes. Cultured adult cardiocytes were 
preincubated for 30 min in the absence or presence of 2 nM 
rapamycin and then stimulated for 30 min with 200 nM TPA, 100 nM 
insulin, or 1 \xM forskolin. Unstimulated cardiocytes served as 
controls. Samples were used for Western blot analysis using non- 
selective and phosphorylation state-specific antibodies for S6K1, 
mTOR, and S6 protein. Western blot shows electrophoretic mobility 
change and phosphorylation status at specific sites of S6K1 isoforms, 
mTOR, and S6 protein. The level of S6 protein is also determined by 
analyzing with a non-selective anti-S6 protein antibody. The results 
were confirmed in two other independent experiments. 



Rapamycin treatment did not block the phosphorylation of mTOR at the Ser-2448 site significantly, 
indicating that the drug affects only the activity of mTOR but not the upstream kinase that is responsible 
for the mTOR phosphorylation at the Ser-2448 site. 

► DISCUSSION 



Ribosomal biogenesis is an important cellular event for mediating 
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hypertrophic cardiac growth (1-5), and the activation of S6K1 is 
critical for the augmented ribosomal biosynthesis ( 9-12 . 55). S6K1 
phosphorylates ribosomal protein S6, which is a key component in 
the translation of subset mRNA transcripts that possesses a tract of 
pyrimidines (5*-TOP mRNAs) in the 5'-untranslated region (5'-UTR) 
(6, 7, 23). 5'-TOP mRNAs generally encode ribosomal proteins and elongation factors, and therefore, the 
overall translational capacity of cells increases substantially following S6K1 activation. In 48-h 
pressure-overloaded myocardium, accelerated protein synthesis can be observed with an enhanced new 
steady-state level (43). Therefore, initial S6K1 activation and ribosomal biogenesis are major myocardial 
cellular events for sustained hypertrophic growth. The importance of S6K1 activation during pressure 
overload hypertrophy has been shown recently using angiotensin type II-receptor knockout mice (56). 
These mice were found to have reduced levels of p70S6K and an absence of pressure overload-induced 
hypertrophic cardiac growth. The link between S6K1 activation and cell growth has been well 
documented in other cell types using rapamycin (10, U, 25, 57) and through microinjection of 
neutralizing antibodies into cells (15, 17) both of which selectively suppressed S6K1 activation and 
impeded cell growth. S6K1 activation has been demonstrated in hypertrophying myocardium (42, 58) 
and in cardiocytes stimulated with hypertrophic agents (39, 59-61 ). However, the major signaling 
pathway for S6K1 activation and its importance in the context of hypertrophic growth has not been 
studied in detail. 

The S6K1 activation process, which relies on the sequential interplay between multiple phosphorylation 
sites and signal transduction pathways ( 62-64 ), is complex and not completely understood. Several 
independent signaling pathways have been identified for S6K1 activation depending upon cell types and 
the nature of the stimulants (30-36), and these pathways are activated subsequent to at least three 
independent agonists' stimulation: (i) TPA that activates a PKC-dependent pathway, (ii) insulin that 
activates a PI3K-dependent pathway, and (iii) forskolin that activates a protein kinase A (PKA)- 
dependent pathway. Activation of all these pathways has been demonstrated in pressure-overloaded 
myocardium by several research groups (58, 6.1, 65-67), although our earlier study (42) demonstrated 
that the S6K1 activation was accompanied by the activation of PKC but not PI3K pathway in 1- to 4-h 
pressure overload myocardium. Therefore, we used cultured adult feline cardiocytes to explore the 
importance of potential downstream players of PKC, namely, c-Raf, MEK, and MAPK family members 
for S6K1 activation. 

Our study demonstrates that stimulation of adult cardiocytes with TPA results in S6K1 activation, which 
is accompanied by the activation of c-Raf as well as the MAPK family members, ERK1/2 and p38 
MAPK, but not JNK. It has been well established that the c-Raf-mediated ERK1/2 activation occurs via 
the activation of MEK1/2, and our studies with U0126 confirm that this kinase is active in TPA- 
stimulated cardiocytes. However, stimulation with insulin and forskolin, although they phosphorylate 
and activate S6K1 and mTOR substantially, did not result in the activation of c-Raf and ERK1/2. 
Therefore, the contribution of the c-Raf/MEK/ERK pathway to S6K1 activation can be expected mostly 
during TPA stimulation but not with the other two stimulants. 

In the case of S6K1 phosphorylation, although Thr-389 phosphorylation was observed during all three 
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types of stimulations, the extent of Thr-421/Ser-424 phosphorylation was stronger in TPA-stimulated 
cardiocytes. Furthermore, in TPA-stimulated cardiocytes, the Thr-421/Ser-424 phosphorylation occurs 
prior to the Thr-389 phosphorylation, indicating the possibility that the pseudosubstrate phosphorylation 
occurs first to facilitate the phosphorylation of Thr-389, as suggested previously (68). However, in 
forskolin-stimulated cardiocytes, the basal level phosphorylation at the Thr-421/Ser-424 sites appears to 
be sufficient for the Thr-389 phosphorylation. Both PKA and PI3K activation have been demonstrated in 
pressure-overloaded myocardium (58, 61, 67), indicating the possibility that they contribute to S6K1 
activation. However, our findings suggest that PKC-mediated signaling contributes significantly to the 
S6K1 activation for the following reasons: (i) only in TPA-, but not insulin- or forskolin- treated 
cardiocytes, the Thr-421/Ser-424 phosphorylation occurs similar to that with pressure overload, (ii) our 
previous study (42) demonstrates that S6K1 activation in 1- to 4-h pressure-overloaded feline 
myocardium was not accompanied by PI3K activation, (iii) similar to pressure-overloaded myocardium, 
TPA-stimulated cardiocytes demonstrate S6K1 activation and phosphorylation, accompanied by the 
phosphorylation/activation of c-Raf and MAPK (ERK1/2 and p38 MAPK), and (iv) analysis of PKB, a 
downstream kinase of PI3K, in 1-h pressure-overloaded RV did not show appreciable change in its 
phosphorylation level when compared with the unloaded control LV (data not shown). Therefore, a 
major focus of this study was to determine the key intermediary players responsible for the PKC- 
mediated S6K1 activation in adult feline cardiocytes. 

Whereas previous studies have shown that Raf/MAPK signaling is neither necessary nor sufficient for 
S6K1 activation by mitogens (34, 69, 70), our data support recent studies demonstrating that the 
expression of either active c-Raf or MEK is sufficient for S6K1 activation in an ERK-dependent manner 
(29, 37, 7.1). Furthermore, MEK has been shown to activate a closely related S6K1 member, S6K2, in 
adult rat cardiocytes (39), although the importance of this isoform has not been studied in detail in 
pressure-overloaded myocardium. MEK1/2, but not ERK1/2, has been shown to be important for S6K1 
activation in response to insulin or phorbol esters in adipocytes (72, 73). Therefore, in vivo activation of 
either c-Raf or MEK alone appears to be sufficient for S6K1 activation, although the importance of 
ERK1/2 in this process is not clear. 

To explore the possibility that the c-Raf/MEK/MAPK pathway contributes to the PKC-mediated S6K1 
activation, we used the dominant negative approach to block c-Raf, the pharmacological agents to block . 
the MEK, and the overexpression of a specific phosphatase to block ERK. Expression of C4B, resulting 
in dominant negative c-Raf concentrations -20-fold higher than the endogenous levels, blocked the 
TPA-stimulated activation of c-Raf, ERK1/2, and p38 MAPK. Whereas C4B expression abolished the 
TPA-stimulated phosphorylation of S6K1 and S6 protein, it does not exhibit any such effect in the 
insulin- and forskolin-stimulated S6K1 activation and S6 protein phosphorylation. This observation 
suggests that: (i) the insulin- and forskolin-stimulated S6K1 activation, which is known to occur via 
PI3K and PKA activation, respectively, is independent of the PKC-stimulated pathway that requires c- 
Raf, and (ii) adenoviral expression of C4B specifically blocks the c-Raf-mediated effect and does not 
have nonspecific effects on other signaling pathways. Taken together, these studies indicate that c-Raf is 
a specific downstream player of PKC during TPA-stimulated S6K1 activation. 

Similar to the C4B experiment, U0126 treatment blocks the TPA-induced phosphorylation of S6K1 and 
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mTOR. This clearly suggests that MEK1/2 is a critical intermediary of PKC-mediated S6K1 activation. 
In the case of insulin- and forskolin- stimulated S6K1 activation, U0126 treatment, unlike the C4B 
expression, caused a partial blocking of S6K1 phosphorylation. Therefore, although MEK1/2 is an 
important downstream effector of c-Raf, other pathways that mediate S6K1 activation seem to rely on 
the basal activity of MEK1/2. In this context, the basal MEK1/2 activity has been shown to be important 
for insulin (72, 73)- and epidermal growth factor (Il)-stimulated S6K1 activation. Overall, our study 
demonstrates that activation of MEK1/2 alone can be sufficient for the mTOR and S6K1 
phosphorylation at specific sites in adult cardiocytes, suggesting that MEK1/2 is a critical player 
functioning downstream of c-Raf during PKC-mediated S6K1 activation. In support of this, previous 
studies demonstrate that c-Raf is sufficient to activate S6K1 in CCL39 cells (37) and that MEK1/2 is 
important for the S6K1 activation in HEK293E cells (71). In adult cardiocytes, a recent study also 
demonstrates that MEK1/2 is important for the activation of S6K2, a structurally related kinase (39). 

To identify downstream components of MEK1/2 signaling, we focused on MAPK. Our studies using 
MKP-3 adenovirus suggest that ERK1/2 is a potential downstream player for the PKC/c-RafTMEK 
pathway leading to S6K1 activation. The TPA-stimulated changes, including the retarded electrophoretic 
mobility and phosphorylation at Thr-421/Ser-424 sites of S6K1, are blocked significantly in cells 
expressing MKP-3. However, in insulin- and forskolin-stimulated cells, the retarded electrophoretic 
mobility is not significantly affected. Analysis of the phosphorylation pattern of S6K1 demonstrates that 
MKP-3 significantly blocks both the Thr-421/Ser-424 and the Thr-389 phosphorylations when these 
cells are stimulated with TPA. There are at least two possibilities for the loss of Thr-389 
phosphorylation during MKP-3 expression: (i) both the basal, as observed during forskolin stimulation, 
and the stimulated, as observed during TPA stimulation, levels of Thr-421/Ser-424 phosphorylation, 
which is critical for the subsequent Thr-389 phosphorylation, are abolished and/or (ii) the 
phosphorylation and activation of other potential intermediates, such as mTOR that controls the Thr-389 
phosphorylation, is affected. Our data on the Ser-2448 phosphorylation of mTOR indicate that the TPA- 
but not insulin- or forskolin-stimulated phosphorylation is lost in MKP-3-expressing cells. This suggests 
that the mTOR phosphorylation at Ser-2448 site is mediated specifically via c-Raf/MEK/ERK pathway 
in TPA-stimulated cardiocytes. Taken together these data indicate that the TPA-stimulated 
phosphorylation of both S6K1 at Thr-421/Ser-424 and Thr-389 sites and mTOR at Ser-2448 site 
requires the c-Raf/MEK/ERK pathway and that this pathway does not appear to be critical during insulin 
and forskolin stimulation. In support of our observation, a recent study (66) demonstrates that ERK1/2 is 
complexed with p70S6K, suggesting the possibility that ERK1/2 is a direct S6K kinase for the 
phosphorylation of one or more Ser/Thr-Pro sites, such as the Thr-421/Ser-424 sites in the 
pseudosubstrate domain. 

It is important to note that the MKP-3 expression, compared with the C4B expression, was performed 
using significantly lower concentration of adenovirus (2-10 versus 250 m.o.i., respectively). Although 
the same cytomegalovirus promoter drove both viral expressions, the cellular concentrations of such 
expressed proteins depend upon their turnover rates. Furthermore, their biological effect can vary 
depending upon their specific activity. Although MKP-3 has been shown to be a phosphatase specific to 
ERK1/2, a high level expression can result in nonspecific effects on other phosphorylated proteins, 
including S6K1. Therefore, we used appropriate viral concentrations to demonstrate the specific effects 
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of the expressed proteins on the TPA-stimulated S6K1 activation relative to the insulin- and forskolin- 
stimulated S6K1 activation. Thus by infecting cardiocytes at a relatively lower concentration of MKP-3 
adenovirus (2 and 10 m.o.L), we were able to demonstrate that the MKP-3 significantly blocked the 
TPA- but not the insulin- or forskolin-stimulated S6K1 activation. On the other hand, the dominant 
negative c-Raf (C4B) virus, at a relatively higher concentration (250 m.o.i.), also blocked specifically 
the TPA-stimulated S6K1 activation. These studies demonstrate that c-Raf is a major downstream player 
of the PKC-mediated S6K1 activation and that ERK1/2, which functions further down stream c-Raf, is 
also a critical player to the TPA-stimulated S6K1 activation, although ERK1/2, unlike c-Raf, may also 
contribute partially to the forskolin-stimulated S6K1 activation. 

Our experiments using two types of SB compounds demonstrate that the S6K1 activation by all three 
stimulants is not affected appreciably during this drug treatment. Importantly, SB compounds did not 
block the TPA-stimulated Thr-421/Ser-424 phosphorylation and retarded electrophoretic mobility of 
S6K1 . Furthermore, these compounds did not block mTOR phosphorylation at Ser-2448, although the 
reason for the partial loss of Thr-389 phosphorylation during all three types of stimulation is not clear at 
the present time. Therefore, although both ERK1/2 and p38 MAPK activity are sharply reduced in 
MKP-3-expressing cells, the loss of S6K1 activation and Thr-421/Ser-424 phosphorylation in these cells 
is mostly due to the loss of ERK1/2 activity. A similar study (37) performed using MKP-1 demonstrates 
that the loss of ERK1/2 activity does not affect S6K1 activation. It is not clear whether the differences 
are due to a spatial difference in the loss of ERK1/2 activity, because MKP-1 is a nuclear enzyme. 
Overall, our studies strongly indicate that ERK1/2 is a major downstream kinase, transferring the c- 
Raf/MEK signal to S6K1 activation. However, our study does not rule out the possibility that one or 
more kinases necessary for S6K1 activation are regulated directly by c-Raf and/or MEK. 

Studies using transgenic mice demonstrate that PKCe, compared with other isoforms, contributes to 
hypertrophic growth in a significant manner (74). In pressure-overloaded myocardium, our earlier study 
(42) shows the activation of at least three PKC isoforms, which includes the PKC S isoform. Furthermore, 
stimulation of cardiocytes with hypertrophic agents, such as phenylephrine, results in the membrane 
localization of PKQ and contributes to the activation of the c-Ral7MEK/ERK pathway (75). A latent 
complex between PKQ, c-Raf, and Ras has been identified recently in other cell types (76). Based on 
these reports and our present findings, we propose the following model to describe our studies. We 
propose that the activation of a specific PKC isoform contributes significantly to the S6K1 activation in 
pressure-overloaded myocardium. c-Raf is the major effector molecule that connects the PKC signaling 
to MEK1/2 for the activation of S6K1. MEK1/2, via regulating ERK1/2, controls both the Thr- 
421/Ser424 phosphorylation of S6K1 as well as mTOR phosphorylation required for the Thr-389 
phosphorylation of S6K1. All these phosphorylations are important for subsequent Thr-229 
phosphorylation and kinase activation, as described previously (24). 

Overall, we demonstrate that c-Raf and its downstream components, MEK1/2 and ERK1/2, contribute in 
a significant way to the PKC- but not to the PI3K or PKA-mediated S6K1 activation in adult feline 
cardiocytes. Because we observe activation of the PKC/c-Raf/ERK pathway in pressure-overloaded 
myocardium, this pathway might be critical for hypertrophic cardiac growth via S6K1 activation and 
ribosomal biogenesis. 
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Over-expressed MEKK1 <fr co-immunoprecipitated with alRha-actinin in cell lysates. 

MEKK1 & interacts with alpha-actinin and localizes to stress fibers and focal adhesions. 

These results provide strong evidence for the interaction between MEKK1 _* and alpha-actinin. 

Both endogenous and over-expressed MEKK1 & colocalized with alph a-actini n along a ctin stress 
fibers and at focal adhesions. 

The results define the involvement of MEKK1 \k in the induction of apoptosis by genotoxins but not 
microtubule altering drugs. 

MEKK1 ti> was required for maximal activation of ERK, JNK, and IKK, as well as for maximal AP- 1 and 
NF-kappaB transcriptional activities. 

We conclude that Ras regulates TNF-alpha-induced chemokine expression by activating the AP-1.. 
pathway and enhancing transcriptional function of NF-kappaB, whereas MEKK1 & activates both the 
AP-1 and NF-kappaB pathways. 

Moreover, the MEKK1 & dominant negative mutant as well as deletion of the AP-1 binding sites within 
the c-jun promoter inhibited the c-jun promoter activation by hypoxia. 

Consistent with impaired osteoclastogenesis and reduced expression of TRAFs and MEKK1 O, we 
found that phosphorylation and activation of I kappa B, NF-kappa B, ERKs, and cJun/AP-1 are severely 
reduced in RANKL-treated TNFM-null osteQclast precursors compared with wild type counterparts. 

This compound also prevents activation of both IKKs and DNA binding of NF-kappa B induced by 
MEKK _* and NF-kappa B-inducing kinase. 

A second protein kinase cascade leading to activation of the Jun kinases (JNKs) is dependent on 
MEKK& (MEK kinase). 

Eukaryotic cells respond to different extracellular stimuli by recruiting homologous signalling pathways 
that use members of the MEKK*&, MEK and ERK families of p rote i n kin ases. 

Herein we demonstrate that full-length and cleaved MEKK1 [?] & leads to permeability transition in the 
mitochondria. 

Overall, this suggests that cleaved MEKK1 [?]& leads to permeability transition contributing to MEKK1- 
induced apoptosis independent of cytochrome c release from the mitochondria. 

Dominant negative MEKK1 & inhibits survival of pancrea tic cancer cells. 

Colony formation assays by transfection of dominant negative mutants of Ras, ERK or MEKK1 & into 
pancreati c ca n cer cell lines (BxPC-3, PANC-1, MIAPaCa-2 and AsPC-1) and an amnion-derived cell 
line (FL) revealed that DN-MEKK strongly inhibits the survival of colonies in pa n c r ea tic c a nc er cells, but 
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not in FL cells. 

Recruitment of TRAFs and MEKK1 ft leads to activation of downstream pathways, primarily I kappa 
B/NF-kappa B, ERKs, and cJun/AP-1 . 

Taxol treatment of cells, therefore, dissociates MEKK1 ft activation from the regulation of the JNK 
pathway. 

MEKK1 ft became activated in HEK293 cells exposed to taxoj, but in contrast to etoposide-treatment, 
taxol failed to increase JNK activity. 

Potentiation of apoptosis by low dose stress stimuli in cells expressing activated MEK kinase 1 ft. 

The findings demonstrate that acute expression of an active form of MEKK1 ft can potentiate the cell 
death response to external stress stimuli. 

Cloning of rat MEK kinase 1 & cDNA reveals an endogenous membrane-associated 195-kDa protein 
with a large regulatory domain. 

Instead, LPA induces the redistribution of foc^Mbjesion kinase to focal contact regions of the 
cytoplasm membrane, and this event is abolished by pertussis toxin, dominant negative H-Ras, or 
dominant negative MEKK1 ft. 

Mitogenic effect of orphan receptor TR3 and its regulation by MEKK1 <k in lung cancer cells. 

High D-glucose treatment induced MEKK1 ft cleavage, whereas caspase inhibitors significantly 
attenuated the cleavage. 

Role of receptor-interacting protein in tumor necro s i s factor-alpha -dependent MEKK1 ft' activation. 

Cisplatin-resistance involves the defective processing of MEKK1 ft in human ovarian adenocarcinoma 
2008/C 13 cells. 

Transcript stability was low in untreated HeLa cells, but increased in cells expressing a constitutively 
active form of the MAP kinase kinase kinase MEKK1 ft. 

In cells exposed to genotoxic agents including Mpppside and cyjtoslne arabinoside, MEKK1 ft is 
cleaved at Asp874 by caspases. 

These findings suggest that MEKK1 ft -> SEK1/MKK4 may function as an upstream kinase capable of 
activating both p38 MAPK and JNK/SAPK with subsequent induction of Cox-2 expression and PGE2 
production. 

Activation of MEKK1 ft, which stimulates the JNK pathway, is not sufficient for PC12 cell differentiation 
but can induce apoptosis. 

MAP/ERK kinase kinase 1 (MEKK1 ft), an upstream activator of MAP kinases, increases E-selectin 
promoter transcription and requires an intact PDII site for maximal induction. 

The inducible acute expression at modest levels of the activated MEKK1 ft kinase domain can be used 
to potentiate the apoptotic response to low dose ultraviolet irradiation and cisplatin. 

Two threonine residues within this region in Mekkl O at positions 560 and 572, but not the serine at 
557, were shown to be essential for catalytic activity in this study. 

Further examination of the Mekkl ft mutants isolated from 32P-labeled transfected COS cells showed 
that Thr-560 and Thr-572 were indeed phosphorylated after two-dimensional tryptic-chymotryptic 
phosphopeptide analysis. 

Activation of MEKKft by formyl-methionyl-leucyl-phenylalanine in human neutrophils. Mapping 
pathways for mitogen-activated protein kinase activation. 

Molecular cloning of mitogen-activated protein/ERK kinase kinases (MEKKft) 2 and 3. Regulation of 
sequential phosphorylation pathways involving mitogen-activated protein kinase and c-Jun kinase. 

Mapping of the MEK kinase gene (Mekjk„[2]ft) to mouse chromosome 1 3 and human chromosome 5, 

Expression of Galpha 13 (Q226L) induces P1 9 stem cells to primitive endoderm via MEKK1 [?]ft. 2, or 

No significant effect on aggregation was seen when using selective inhibitors for p160(ROCK), PKC, or 



By expressing a dominant-active form of mitogen-activated protein kinase kinase kinase 1, by 
exposure to tumor necrosis factor alpha, or by overexpression of p50/p65, we show that NF-kappa B 
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activates a transcription regulatory element of the p rostate-spe cif ic antigen (PSA)-encoding gene, a 
marker for prostate cancer development, treatment, and progression. 

MEKK1 expression is elevated 3-fold in mitosis and microtubule toxin-treated cells accumulated at 
G2/M of the cell cycle. 

Mitogen-activated protein kinase kinase kinase 1 activates androgen receptor-dependent 
transcription and apoptosis in prostate cancer. 

The results show that MEKK1 is required for JNK activation in response to microtubule but not actin 
fiber toxins in embryonic stem cells. 

Our findings demonstrate that expression of constitutively active MEKK1 induces apoptosis in androgen 
receptor-positive but not in androgen receptor-negative prostate cancer cells. 

These studies demonstrate an unanticipated link between MEKK1 and hormone receptor signaling and 
have implications for the molecular basis of hormone-independent prostate cancer growth. 

MEKK1 activation can protect cells from apoptosis in response to change in the integrity of the 
microtubule cytoskeleton. 

These findings demonstrate that MEKK1 contributes to the apoptotic response to gmotoxins. 

Following activation by genoto xins . MEKK1 was cleaved in a caspase-dependent manner into an active 
91-kDa kinase fragment. 

The regulation of MEKK1 by genotoxins involves its activation, which may be part of survival pathways, 
followed by its cleavage, which generates a proapoptotic kinase fragment able to activate caspases. 

Protein kinase C phosphorylation may provide one mechanism for activating MEKK. 

The N-terminal noncatalytic domain of MEKK, which contains several consensus protein kinase C 
phosphorylation sites, may, therefore, function as a negative regulatory domain. 

Mammalian mitogen-activated protein kinase kinase kinase (MEKK) can function in a yeast mitogen- 
activated protein kinase pathway downstream of pro tein kin a se C. 

MEKK1 strongly stimulated recruitment of polyQ polypeptides into the particulate fraction. 

Intracellular aggregation of polypeptides with expanded polyglutamine domain is stimulated by stress- 
activated kinase MEKK1. 

MEKK1 also stimulated formation of IBs with two abnormal pQlypeptides lacking the polyQ domain, 
indicating that this kinase has a general effect on protein aggregation. 

The exon IV-BDNF promoter activity was increased by transfection with CaM KM, MEKK and PKA, but 
not by CaM KIV. 

Effects of constitutively active mutants of CaM KIV, MAPK kinase kinase (MEKK) and protein kinase 
(PKA) on* the exon IV-BDNF promoter activity were also evaluated by t ransfection and luciferase assay. 

While active MEKK1 was a potent activator of hypertrophic gene expression, this kinase did not induce 
actin organization and prevented phenylephrine-induced organization. 

A Drosophila melanogaster cDNA, encoding a protein with sequence similarity to the MEKK [?] family of 
Ser/Thr kinases, was isolated from an eye-antennal imaginal disc cDNA library using a PCR-based 
approach. 

Here, we describe the use of virus-induced gene silencing (VIGS) to study the role of candidate plant 
MAP kinase k (MAPKKK) homologs of human MEKK1 in pathogen-resistance pathways. 

Calcitriol induces poly (adenosine diphosphate-ribose) polymerase cleavage, increases bax/bcl-2 ratio, 
reduces levels of phosphorylated mitogen-activated protein kinases (P-MAPKs; also known as 
extracellular signal-related kinase [ERK] 1/2) and phosphorylated Akt, induces caspase-dependent 
mitogen-activated protein kinase kinase (MEK) cleavage and upregulation of MEK kinase-1, all potential 
markers of the apoptotic pathway. 

Expression of the dominant negative form of MEKK1 had no influence on the ability of Letinoic.acid to 
induce either JNK activation or primitive endoderm formation in P19 stem cells. 

Using a Jurkat T cell line transfected with dominant active (DA)-mitogen-activated protein kinase kinase 
kinase (MEKK1) in a tetracycline-regulated expression system/we found that expression of DA-MEKK1 
results in the apoptosis of J urkat.cells in parallel with prolonged JNK activation. 



http://ww.ihop-net.org/UniPub/iHOP/gismo/90054.html?ORGANISM_ID=l 



10/27/06 



iHOP - Information Hyperlinked over Proteins [ MAP3K1 ] 



Page 4 of 4 



In Swiss 3T3 and REF52 fibroblasts, activated MEKK induces cell death involving cytoplasmic shrinkage, 
nuclear condensation, and DNA fragmentation characteristic of apoptosis. 

MEK kinase (MEKK) is part of a family of serine- threonine pr otein kina ses that phosphorylate and 
activate MEKs independently of Raf. 
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RASA1 


RAS p21 protein activator (GTPase activating 
protein) 1 




Homo sapiens 


KRAS 


v-Ki-ras2 Kirsten rat sarcoma viral oncogene 
homolog 




Homo sapiens 


RRAS 


related RAS viral (r-ras) oncogene homolog 




Homo sapiens 


HRAS 


v-Ha-ras Harvey rat sarcoma viral oncogene 
homolog 




Homo sapiens 


RA^GRFI 


l\do |JI UlCII l*opCOHIO ^Udlllilc; MUOlcOllUc- 

releasing factor 1 




Homo sapiens 


RASA2 


RAS d21 orotein activator 2 




norno sapiens 


RASGRF2 


Doc nrntpin-Qnpr'ifir* ni lanino ni iflor\tiHea_ 
rxdo [Jiuiciil ojJdrllll* yUdlllllu IIUOIUUUUU- 

releasing factor 2 




Homo sapiens 


RASAL1 


RAS Drotein activator like 1 ^GAP1 tikp^ 




norno sapiens 




RAR^A moimhor DAQ nnrr\riQnQ fomih/ 
r\nD3n, lllclllut;! f\Mg UllOUycflc lamily 




Homo sapiens 


RAB3A 


RAB3A, member RAS oncogene family 




Homo sapiens 


RAC2 


ras-related C3 botulinum toxin substrate 2 
(rho family, small GTP binding pro... 




Homo sapiens 


RAR4A 


rv-\D*t/-\, iiicrTiucr rxMo oncogene Tamiiy 




Homo sapiens 




ivj mom uoniaining o i r^ase activating proiem 
1 


Ras GTPase-activating- 
like protein IQGAP1 


Homo sapiens 


RAB7 


RAB7, member RAS oncogene family 




Homo sapiens 


RALA 


v-ral simian leukemia viral oncogene homolog 
r\ \iaS reiaieu; 




Homo sapiens 


RAB6A 


RAB6A, member RAS oncogene family 




Hnmn Qprtipn^ 


RAB2 


RAB2, member RAS oncogene family 




Homo sapiens 


RAB8A 


RAB8A, member RAS oncogene family 




Homo sapiens 


RAB27A 


RAB27A, member RAS oncogene family 




Homo sapiens 


RAP2A 


RAP2A, member of RAS oncogene family 




Homo sapiens 


RAP1B 


RAP1R mpmhpr nf DAQ nr\r*rinr*n& familw 

iwr iu, MidMUd \J\ r\Mv UMlyUytM IC IdMllly 




Homo sapiens 


RRAD 


rxas-reiaiea associated wim oiaoetes 




Homo sapiens 




ras-related C3 botulinum toxin substrate 3 
(rho family, small GTP binding pro... 




Homo sapiens 


RAB9A 


RAB9A, member RAS oncogene family 




Homo sapiens 


MMP19 


matrix metallopeptidase 19 


RASI-1 


Homo sapiens 


PLA2G2A 


phospholipase A2, group IIA (platelets, 
synovial fluid) 


RASF-A 


Homo sapiens 


RHEB 


Ras homolog enriched in brain 




Homo sapiens 


RAB3B 


RAB3B, member RAS oncogene family 




Homo sapiens 
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RAP2B 


RAP2B, member of RAS oncogene family 




Homo sapiens 


DUCRPi 
(AriLDr 1 


Ras-homolog enriched in brain pseudogene 1 




Homo sapiens 


0 1 TO 

Kl 1 Z 


Ras-like without CAAX 2 




Homo sapiens 


DAI D 


v-ral simian leukemia viral oncogene homolog 
B (ras related; GTP binding prot... 




Homo sapiens 


RSU1 


Ras suppressor protein 1 




Homo sapiens 


RAB5B 


RAB5B, member RAS oncogene family 




Homo sapiens 


DAP7I A 
KAD ( LI 


RAB7, member RAS oncogene family-like 1 




Homo sapiens 


Kl I 1 


Ras-ltke without CAAX 1 




Homo sapiens 




ral guanine nucleotide dissociation stimulator- 
like 2 


RAS-associated protein 
RAB2L 


Homo sapiens 


RAR1 1 R 
i\nD I I D 


kadi \ b, memoer RAS oncogene family 




Homo sapiens 


KAd1o 


RAB13, member RAS oncogene family 




Homo sapiens 


oYINKjArl 


synaptic Ras GTPase activating protein 1 
homolog (rat) 




Homo sapiens 


RAB27B 


RAB27B, member RAS oncogene family 




Homo sapiens 


RAB5C 


RAB5C, member RAS oncogene family 




Homo sapiens 




ras responsive element binding protein 1 




Homo sapiens 


KADlr 


RAB interacting factor 


RASGFR3 


Homo sapiens 


SH0C2 


soc-2 suppressor of clear homolog (C. 
elegans) 


Ras-binding protein Sur- 
8 


Homo sapiens 


KAbOoA 


RAB33A, member RAS oncogene family 




Homo sapiens 


pry 


GTP binding protein overexpressed in skeletal 
muscle 


RAS-like protein KIR 


Homo sapiens 


RAB28 


RAB28, member RAS oncogene family 




Homo sapiens 


FNTA 


farnesyltransferase, CAAX box, alpha 




Homo sapiens 


FNTB 


farnesyltransferase, CAAX box, beta 




Homo sapiens 
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Involvement of hematopoietic progenitor kinase 1 in T c ell rece ptor signaling. 

Hematopoietic progenitor kinase 1 (HEK1 a mammalian Ste20-related serine/threonine protein kinase, 
is a hematopoietic-specific upstream activator of the c-Jun N-terminal kinase. Here, we provide evidence 
to,.dem of HPK1 & in T c ell receptor (TCR)^gnajing, HPK1 # was activated and 

tyrosine-phosphorylated with similar kinetics following TCR/CD3 or pervanadate stimulation. Co- 
expression of protein-tyrosine kinases, Lck# and ZapJO *■ with HPK1 * led to HPK1 # activation and 
tyrosine phosphorylation in transfected mammalian cells. Upon TCR/CD3 stimulation7H PK 1 # formed 
inducible complexes with the adapters Nek and Crk with different kinetics, whereas it constitutively 
interacted with the adapters Grb2 # and CrkL & in Jurkat T cells. Interestingly, HPK1 & also inducibly 
associated with linker for activation of T cells & ( LAT #) through its proline-rich motif and translocated 
into glycolipid-enriched microdomains (also called lipid rafts) following TCR/CD3 stimulation, suggesting a 
critical role for LAI* in the regulation of HPK1/&. Together, these results identify HPK1 & as a new 
component of TCR signaling. T cell-specific signaling molecules Lck&, Zap70#. and LAT# play roles in 
the regulation of HPK1 # during TCR signaling. Differential complex formation between ^ HPK1 * and 
adapters highlights the possible involvement of H PK1 * in multiple signaling pathways in t T cells. 



J Biol Chem (2001-06-01) 




PMiD: 11279207 
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MAP3K1 
MAP3K5 
MAP4K4 
MAP3K4 
MAP3K2 
MAP3K3 
MAP4K1 
MAP4K2 
MAP4K5 
MAP4K3 
MINK1 



mitogen-activated protein kinase kinase MEKK 
kinase 1 

mitogen-activated protein kinase kinase MEKK5 
kinase 5 

mitogen-activated protein kinase kinase MEKKK 4 

kinase kinase 4 

mitogen-activated protein kinase kinase MEKK4 
kinase 4 

mitogen-activated protein kinase kinase MEKK2 
kinase 2 

mitogen-activated protein kinase kinase MEKK3 
kinase 3 

mitogen-activated protein kinase kinase MEKKK 1 

kinase kinase 1 

mitogen-activated protein kinase kinase MEKKK 2 

kinase kinase 2 

mitogen-activated protein kinase kinase MEKKK 5 

kinase kinase 5 

mitogen-activated protein kinase kinase MEKKK 3 

kinase kinase 3 

misshapen-like kinase 1 (zebrafish) MEKKK 6 



Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
Homo sapiens 
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□ 1: Int J Cancer. 1995 May 16;61(4):502-8. 



Links 



MCF-7 human mammary adenocarcinoma cell death in vitro 
in response to hormone-withdrawal and DNA damage. 



WNsgri lJW 7 Wakeli n g AE , Morris I P, Hickman JA f Dive C . 

Molecular Pharmacology Group, School of Biological Sciences, 
University of Manchester, UK. 

Anti-oestrogens exert a tumoristatic effect on estrogen- 
receptor-positive breast carcinomas in vivo. At a cellular level 
this may reflect inhibition of cell proliferation and/or cell death 
counterbalanced by continued proliferation of a cell 
subpopulation. We evaluated the MCF-7 human mammary 
adenocarcinoma cell line as an in vitro model to study the 
effects of the novel oestrogen antagonist ICI 182,720 on cell 
population dynamics (cell gain vs. cell loss). After oestrogen- 
withdrawal monolayer cell number declined over 10 days, 
accompanied by cell detachment. This decrease in viable cell 
number was elevated 2-fold by ICI 182,780. Detached cells 
exhibited DNA fragments of 50 and 300 kbp, typical of 
apoptotic cells. However, internucleosomal cleavage to 180 bp 
integer fragments was not seen, and these detached cells 
exhibited a morphology which was not consistent with 
apoptosis. The remaining attached monolayer cells were 
morphologically viable (> 99%) with regard to both nuclear 
morphology and plasma membrane integrity. There was no 
difference in cell cycle phase distribution between oestrogen- 
withdrawn and ICI 182,780-treated cells; both induced 
accumulation in Gl phase. MCF-7 cells were also exposed to a 
variety of DNA damaging agents known to induce apoptosis in 
other cell types. We could demonstrate only limited induction 
of morphologically recognisable apoptosis in MCF-7 cells 
treated with methyl methanesuiphonate. Our results add to 
the controversy surrounding the ability of the MCF-7 cell line 
to undergo apoptosis in vitro in response to anti-oestrogen 
therapies. 

PMID: 7759156 [PubMed - indexed for MEDLINE] 
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Cell-cycle arrest, micronucleus 
formation, and cell death in growth 
inhibition of MCF-7 breast cancer 
cells by tapne^fen TOact Kri acptot>j ni 996 1 

Comparative study on the induction 
of cytostasis and apoptosis by ICI 
182,780 and tamoxifen in an 
estrogen receptor-negative ovarian 
cancer cell line. [Int J Cancer. 1998] 

Active cell death induced by the 
anti-estrogens tamoxifen and ICI 
164 384 in human mammary 
carcinoma cells (MCF-7) in culture: 
the role of autoplpa^nogenesis. 1996] 

Relationship between tamoxifen- 
induced transforming growth factor 
beta 1 expression, cytostasis and 
apoptosis in human breast cancer 
cells. [Br J Cancer. 1995] 

Models of estrogen receptor 
regulation by estrogens and 
antiestrogens in breast cancer cell 
lines. [Cancer Res. 1996] 
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□ 1: Proc Natl Acad Sci USA. 1995 Jan 3:92(1^:102-6. 



Fm Full Text Article at 
- www.pnas.org 



Sfyll text article h Li nks 



in PubMed Central 



Different topoisomerase II antitumor drugs direct similar 
specific long-range fragmentation of an amplified c-MYC 
gene locus in living cells and in high-salt-extracted nuclei. 



Gromova II , Thomsen B , Razin SV . 

Department of Molecular Biology, University of Aarhus, Denmark. 

We have analyzed the long-range distribution of 
topoisomerase II-mediated cleavages induced in an amplified 
human c-MYC gene locus in the presence of several antitumor 
agents. The long-range cleavage patterns were found to be 
nonrandom and similar for all antitumor drugs tested. 
Cleavages occurred within several kilobase-long areas 
(approximately 5 kb) highly accessible to topoisomerase II 
and separated by extended regions (approximately 70-100 
kb) of less accessibility, possibly reflecting the mode of DNA 
organization into loops along the chromosome. Within the 
cleavage areas, the patterns of cleavage sites showed a 
certain dependence on the type of drug used for entrapment 
of topoisomerase II-DNA complexes. Importantly, distribution 
of cleavage areas in native chromatin and histone-depleted 
nuclei was very similar, if not identical, suggesting that the 
primary target of antitumor agents in vivo is topoisomerase II 
associated with the high-salt-insoluble nuclear matrix. These 
data show that matrix-attached DNA is preferentially 
damaged by topoisomerase II-targeting agents, which may be 
an important cellular event contributing to drug-induced cell 
death. 

PMID: 7816796 [PubMed - indexed for MEDLINE] 

IjZl Show |20 !^|s£rTby IffifSe^d to F] 



Jclej 



Related Links 



Differential effects of amsacrine and 
epipodophyllotoxins on 
topoisomerase II cleavage in the 
human c-myc proto$Oajq®eRes. 1992] 

In vivo and in vitro stimulation by 
antitumor drugs of the 
topoisomerase II-induced cleavage 
sites in c-myc protcffcmtjog^ei. 1987] 

Multidrug sensitivity phenotype of 
human lung cancer cells associated 
with topoisomerase fStoiiS8rRasj(1992] 

In vivo stimulation by antitumor 
drugs of the topoisomerase II 
induced cleavage sites in c-myc 
pro(BiochS?Q©ft^)hys Res Commun. 1986] 

Stimulation of the topoisomerase II 
induced DNA cleavage sites in the c- 
myc protooncogene by antitumor 
drugs is associated with gene 
expression. [Biochemistry. 1989] 
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ELSEVIER 



Induction of apoptotic cell death by DNA topoisomerase II 
inhibitors. 



Negri C , Bernardi R , Donzelli M , Scovassi AI . 

Istituto di Genetica Biochemica Evoluzionistica CNR, Pavia, Italy. 

We have analyzed the interference of antitumoral drugs 
acting through the inhibition of DNA topoisomerase II on the 
human HeLa cell metabolism. Different compounds 
characterized by a diverse mechanism of action have been 
used, namely m-amsacrine, an intercalate drug, etoposide, 
which does not intercalate DNA, and suramin, which exerts its 
effect through an unknown mechanism. In HeLa cells treated 
with increasing doses of these drugs, we have examined cell 
viability and DNA synthesis capacity, and we have evaluated 
topoisomerase II activity. Cellular morphology and DNA 
integrity have been studied in order to characterize the 
mechanism of cell death. The results we have obtained clearly 
indicate that topoisomerase II poisons induce cell death by 
apoptosis. These observations suggest a role of the inhibition 
of topoisomerase II activity in the apoptotic program. 

PMID: 8824770 [PubMed - indexed for MEDLINE] 
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Roles of nonhomologous end-joining 
pathways in surviving topoisomerase 
II-mediated DN^teoaa^Ther. 2006] 

Molecular effects of topoisomerase II 
inhibitors in AML cell lines: 
correlation of apoptosis with 
topoisomerase II activity but not 
with DNA damage. [Leukemia. 1999] 

Cross-resistance of an amsacrine- 
resistant human leukemia line to 
topoisomerase II reactive DNA 
intercalating agents. Evidence for 
two topoisomerase II directed drug 
actions. [Biochemistr/. 19911 

Human small cell lung cancer NYH 
cells selected for resistance to the 
bisdioxoptperazine topoisomerase II 
catalytic inhibitor ICRF-187 
demonstrate a functional R162Q 
mutation in the Walker A consensus 
ATP binding domain of the alpha 
isoform. [Cancer Res. 1999] 

Characterization of an amsacrine- 
resistant line of human leukemia 
cells. Evidence for a drug-resistant 
form of topoisomer^ei^lChem. 1989] 

See all Related Articles... 
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Differential involvement of MEK kinase 1 ft ( MEKK1 ft) in the induction of 
apoptosis in response to microtubule-targeted drugs versus DNA damaging 
agents. 

ME K ki nase 1ft ( MEKK 1 ft) is a 196-kDa enzyme that is involved in the regulation of the c-Jun N- 
terminal kinase (JNK) pathway and apoptosis. In cells exposed to genotoxic agents including etoposide 
and cytosjne arabjnoside, MEKK1 ft is cleaved at Asp874 by caspases. The cleaved kinase domain of 
MEKK1 ft, itself, stimulates caspase activity leading to apoptosis. Kinase-inactive MEKK1 ft expressed in 
HEK293 cells effectively blocks genotoxin-induced apoptosis. Treatment of cells with ta xo l, a microtubul e 
stabilizing agent, did not induce MEKK1 ft cleavage in cells, and kinase-inactive M EKK1 ft expression 
failed to block taxol-induced apoptosis. MEKK1 ft became activated in HEK293 cells exposed to taxol, but 
in contrast to etoposide-treatment, taxol failed to increase JNK activity. laxol treatment of cells, therefore, 
dissociates MEKK1 ft activation from the regulation of the JNK pathway. Overexpression of anti-apoptotic 
Bcl2ft blocked ME KM ft and taxol-induced apoptosis but did not block the caspase-dependent 
cleavage of MEKK1 ft in response to etoposide. This indicates Bcl2 ft inhibition of apoptosis is, 
therefore, downstream of caspase-dependent MEKK1 ft cleavage. The r es ul ts define th e inv o lv ement of 
MEKK1 ft in the induction of ap o ptosis by genotoxins but ^ 

J Biol Chem (1999-04-16) 
PMID: 10196170 



Publfejed 

Fulltext - Related articles 



http://www.ihop-net.org/UniPub/iHOP/pm/1827397.html7nr-l l&pmid=10196170 



10/27/06 



Entrez PubMed 



Page 1 of 2 




9 Pubfeed 



A service of the National library of Medicine 
and the National Institutes of Health 



All Databases 



PubMed 



Nucleotide 



, pubmed.gov 

Protein Genome Structure OMIM 



Search PubMed 



IZJ for 



Limits Preview/Index History Clipboard Details 



Display 

r 



AbstractPlus 



Hf Show [20 la fS^rtb^ H fsiHdto~ |^ 



All: 1 Review: 0 



My NCBI 

[Sign Inl [Regis 



PMC 



Journals 



Boo^ 



Go 



Clear 



H 1: Mol Pharmacol. 1994 Nov:46f5V890-5. 




Full Text 


Links 






Mol Pharmacol 





Programmed cell death (apoptosis) of mouse fibroblasts is 
induced by the topoisomerase II inhibitor etoposide. 



Mizumoto K , Rothman RJ , Farber 3L . 

Department of Pathology, Thomas Jefferson University, Philadelphia, 
Pennsylvania 19107. 

The mechanism by which etoposide, a topoisomerase II 
inhibitor, killed replicating mouse L929 fibroblasts was 
investigated. Etoposide at 10 microM killed 70% of the ceils 
within 4 days, a result that was accompanied by DNA 
fragmentation. A characteristic "ladder" pattern of DNA 
fragmentation was confirmed by agarose gel electrophoresis. 
Simultaneous exposure of the cells to 10 microM etoposide 
plus 1 microM cycloheximide reduced both the extent of cell 
killing and the fragmentation of DNA. Delayed addition of 
cycloheximide protected cells only if cycloheximide was added 
1-6 hr after exposure to etoposide. When added 6-24 hr after 
treatment with etoposide, cycloheximide lost the ability to 
protect cells. Cell growth was completely inhibited by either 
etoposide or cycloheximide. Furthermore, DNA synthesis was 
inhibited by either etoposide or cycloheximide within 6 hr. 
Protein synthesis, however, was not inhibited by etoposide. 
Thus, the ability of cycloheximide to protect cells correlated 
with inhibition of protein synthesis, rather than inhibition of 
DNA synthesis. A 1-hr exposure to 2.5 mM N-methyl-N- 
nitrosourea similarly inhibited DNA synthesis within 6 hr. 
without affecting protein synthesis. However, no loss of 
viability accompanied N-methyl-N-nitrosourea treatment. 
Thus, an imbalance between protein synthesis and DNA 
synthesis cannot explain the cell killing by etoposide. H-7, a 
protein kinase C inhibitor, prevented the cell killing and DNA 
fragmentation, whereas aurintricarboxylic acid, an 
endonuclease inhibitor, reduced the extent of DNA 
fragmentation but did not have an effect on cell killing. The 
data document that the killing of replicating mouse fibroblasts 
by etoposide represents an example of programmed cell 
death (apoptosis) that depends on protein synthesis. Although 
protein synthesis is required during the first 24 hr of exposure 
to etoposide, cell death is delayed until several days later. 



Related Links 



The course of etoposide-induced 
apoptosis from damage to DNA and 
p53 activation to mitochondrial 
release of cytochrorfl^iDi Chem. 20021 

Topoisomerase inhibitors induce 
apoptosis infSfe«^(E«^sActa. 19931 

Selective inhibition of topoisomerase 
II by ICRF-193 does not support a 
role for topoisomerase II activity in 
the fragmentation of chromatin 
during apoptosis of human leukemia 
cells. [Mol Pharmacol. 1996] 

Apoptosis and its modulation in 
human promyelocytic HL-60 cells 
treated with DNA topoisomerase I 
and II inhibitors. [Exp Cell Res. 1993] 

Nerve growth factor and epidermal 
growth factor rescue PC12 cells from 
programmed cell death induced by 
etoposide: distinct modes of 
protection against cell death by 
growth factors and a protein- 
synthesis inhibitor(Neurosci Lett 1994] 
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Differential involvement of MEK kinase 1 ft ( MEKK1 ft) in the induction of 
apoptosis in response to microtubule-targeted drugs versus DNA damaging 
agents. 

MEK.MnaseJ.i^- (MEKKlft) is a 196-kDa enzyme that is involved in the regulation of the c-Jun N- 
terminal kinase (JNK) pathway and apoptosis. In cells exposed to genotoxic agents including etoposide 
and cytosine arabinoside, MEKK1 ft is cleaved at Asp874 by caspases. The cleaved kinase domain of 
MEKKl ft, itself, stimulates caspase activity leading to apoptosis. Kinase-inactive MEKK1 ft expressed in 
HEK293 cells effectively blocks genotoxin-induced apoptosis. Treatment of cells with taxo l. a micro t u b ule 
stabilizing agent, did not induce MEKK1 ft cleavage in cells, and kinase-inactive ME KK l ft expression 
failed to block taxol-induced apoptosis. MEKK1 ft became activated in HEK293 cells exposed to taxol, but 
in contrast to etoposide-treatment, taxo l failed to increase JNK activity. Taxoi treatment of cells, therefore, 
dissociates MEKK1 ft activation from the regulation of the JNK pathway. Overexpression of anti-apoptotic 
Bel? ft blocked MEKK1 0 and taxol-induced apoptosis but did not block the caspase-dependent 
cleavage of MEKK1 .ft in response to etoposide. This indicates Bc[2 ;ft : inhibition of apoptosis is, 
therefore, downstream of caspase-dependent ME KK1 & cleavage. The results define the involvement of 
MEKK1 i n the induction of a poptosis by qenotoxin s but not mic ro tubu l e alterin g dru gs. 

J Biol Chem (1999-04-16) Publ^Jed 
PMID: 10196170 Fulltext - Related articles 



http://wwJhop-net.orgAJniPub/iHOP/pm/1827397.html?ni=ll&pm 



10/27/06 



iHOP - Information Hyperlinked over Proteins [ MAP4K1 ] 



Page 1 of 1 



Symbol Name 

MAP4K1 mitogen-activated protein kinase kinase kinase 
kinase 1 



UniProt 
IntAct 
OMIM 
NCBI Gene 
NCBI RefSeq 
NCBI RefSeq 
NCBI UniGene 



Q92918 

Q92918 

601983 

11184 

NP_009112 

NM_007181 

11184 



NCBI Accession Q92918, U66464 
Homologues of MAP4K1 
Interaction information for this gene Mil 



new 



Synonyms 

Hematopoietic progenitor 
kinase, HPK1 , 
MAPK/ERK kinase kinase 
kinase 1, MEK kinase 
kinase 1.MEKKK1, 
Mitogen-activated protein 
kinase kinase kinase 
kinase 1 



Organism 

Homo sapiens 



Enhanced PubMed/Google query ... now 



Cleavage of HPK1 # was blocked by peptide inhibitors for caspases. 

By testing HPK1 A proteins with in vivo and in vitro cleavage assays, we showed that aspartic acid 
residue 385 is the target for caspases. 

In order to further characterize the HPK1 -mediated JNK signaling cascade, we searched for HPK1- 
interacting proteins that could regulate HPK1 

SH2/SH3 adaptor proteins can link tyrosine kinases to a Ste20-related protein kinase, HPK1 

Here, we provide evidence to demonstrate the involvement of HPK1 & in T ceiLreceptor (TCR) 
signaling. 

We report here that exposure of hematopoietic Jurkat TLceJJs to genotoxic agents is associated with 
activation of HPK1 

We have cloned a novel protein kinase, termed hematopoietic progenitor kinase 1 (HPK1 that is 
expressed predominantly in hematopoietic cells, including early progenitor ceils. 

Using isothermal titration calorimetry'and x^ray crystallography, the binding of the H PK1 [?]& motif to 
Mona/Gads SH3C has now been characterized in molecular detail. 



If you find iHOP useful please cite as "Hoffmann, R., Valencia. A. A gene network for navigating the literature. Nature Genetics 36, 664 

(2004)". 
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The mechanisms of Ara-C-induced apoptosis of resting B- 
chronic lymphocytic leukemia cells. 



de Vries JF, Falkenbur g JH, Willemze R , Barge RM . 

Department of Hematology; Leiden University Medical Center, P.O. 
Box 9600 2300 RC Leiden, The Netherlands, j.f.vries@lumc.nl 

BACKGROUND AND OBJECTIVES: Cytarabine (Ara-C) is 
commonly used for the treatment of acute leukemia. 
Incorporation of Ara-C into DNA is a key event in the 
mechanism of killing of proliferating leukemic cells. 
Previously, we demonstrated that Ara-C was cytotoxic to 
proliferating but not to resting (G(O)) malignant cells from 
patients with acute leukemia. In contrast, here we show 
unexpected apoptosis of G(O) B-chronic lymphocytic. leukemia 
(CLL) cells by Ara-C in a dose-dependent manner. In this 
study we analyzed which cellular processes were involved in 
Ara-C-mediated killing of G(0)-B-CLL cells. DESIGN AND 
METHODS: Using primary B-CLL cells (>98% in G(O)), we 
examined the mechanisms of Ara-C-mediated apoptosis in 
resting G(O) cells. CFSE-based cytotoxicity assays combined 
with cell cycle analysis were used to perform a long-term 
analysis of Ara-C-mediated killing of B-CLL cells. The effects 
of Ara-C on DNA and RNA synthesis were studied using 
various 3H-incorporation experiments. RESULTS: Ara-C- 
mediated cell death of B-CLL cells showed the characteristics 
of normal apoptosis, such as phosphatidyl serine exposure 
and caspase activation. The mechanism of killing of quiescent 
B-CLL cells by Ara-C was shown not to be dependent on DNA 
replication. In contrast, CD40L-activated B-CLL cells showed 
S-phase-specific depletion of proliferating CLL cells. We 
demonstrated that Ara-C was converted mto its active 
triphosphate by G(0)-B-CLL cells, coinciding with a 30% 
inhibition of RNA synthesis. INTERPRETATION AND 
CONCLUSIONS: In conclusion, our data indicate that Ara-C 
can induce apoptosis in resting G(0)-B-CLL cells using a 
mechanism independent of cell proliferation and DNA 
replication but associated with inhibition of RNA synthesis and 
downregulation of Mcl-1. 
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Ara-C induces apoptosis in resting 
B-CLL cells independent on cell 
proliferation, but involving Ara-CTP 
formation and inhibition of RNA 
synthesis. [Haemarjologica. 20061 

Differential induction of apoptosis by 
fludarabine monophosphate in 
leukemic B and normal T cells in 
chronic lymphocytic leukptoti. 1998] 

Cycling B-CLL celts are highly 
susceptible to inhibition of the 
proteasome: involvement of p27, 
early D-type cyclins, Bax, and 
caspase-dependent and - 
independent pathvflE^flerratol. 2003] 

The vitamin D3 analog EB1089 
induces apoptosis via a p53- 
independent mechanism involving 
p38 MAP kinase activation and 
suppression of ERK activity in B-cell 
chronic lymphocytic leukemia cells in 
vitro. [Blood. 2003] 

The natural product honokioi induces 
caspase-dependent apoptosis in B- 
cell chronic lymphocytic leukemia 
(B-CLL) cells. [Blood. 2005] 
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The kinase domain of MEKK1 induces apoptosis by 
dysregulation of MAP kinase pathways. 



Boldt S, Weidle UH , Kolch W . 

Beatson Institute for Cancer Research, Cancer Research UK, Garscube 
Estate, Switchback Road, Bearsden, Glasgow G61 1BD, UK. 
sboldt@beatson.gla.ac.uk 

MAP kinase pathways comprise a group of parallel protein 
phosphorylation cascades, which are involved in signaling 
triggered by a variety of stimuli. Previous findings suggested 
that the ERK and the JNK pathways have opposing roles in 
regulating proliferation and survival or apoptosis and that 
apoptosis can be promoted by inhibiting the ERK pathway or 
by activation of the JNK pathway. In order to test this 
hypothesis and explore whether it can be exploited as a 
strategy for killing human cancer cells, we used gene transfer 
experiments with a range of cancer cell lines. We expressed 
the catalytic fragment of human MEKK1 to activate JNK and 
the Ras-binding domain (RBD) of Raf-1 to inhibit the Ras-ERK 
pathway. In addition, we designed several RBD-MEKK1 fusion 
proteins aiming to simultaneously activate the JNK and block 
the ERK pathway. We found that the MEKK1 proteins as well 
as the RBD alone could reduce colony formation in all cell 
lines. The survival time of MEKKl-expressing cells depended 
on the cell line. In HeLa cells, survival could be prolonged by 
inhibition of caspases but not by coexpression of the anti- 
apoptotic protein Bcl-2. Due to a lower kinase activity the 
RBD-MEKK1 fusion proteins were less effective in apoptosis 
induction than the MEKK1 kinase domain alone. Using mutant 
forms of Ras and Raf-1 we could show that the reduced 
kinase activity of RBD-MEKK1 fusion proteins was caused by 
binding to the Ras protein. The expression of lethal doses of 
MEKK1 resulted in a strong activation of all three major MAP 
kinase families JNK, ERK, and p38. Blocking these pathways 
either by coexpressing a dominant negative form of MKK4 or 
with inhibitors of MEK or p38 failed to inhibit apoptosis. This 
suggests that MEKK1 induces apoptosis by causing a general 
deregulation of MAP kinase signaling rather than by the 
activation of a single pathway. Copyright 2003 Elsevier 
Science (USA) 



Related Links 



Expression of human cystatin A by 
keratinocytes is positively regulated 
via the Ras/MEKK1/MKK7/JNK signal 
transduction pathway but negatively 
regulated via the Ras/Raf- 
1/MEK1/ERK pathwflVBbl Chem. 2001] 

Roles of JNK, p38 and ERK mitogen- 
activated protein kinases in the 
growth inhibition and apoptosis 
induced by cadmfQBttdnogenesis. 2000] 

Paclitaxel induces prolonged 
activation of the Ras/MEK/ERK 
pathway independently of activating 
the programmed cell death 
machinery. [j Biol Chem. 2001] 

Nuclear factor-kappa B activation by 
the CXC chemokine melanoma 
growth-stimulatory activity/growth- 
regulated protein involves the 
MEKKl/p38 mitogen-activated 
protein kinase pathflfltoi Chem. 20011 

Phorbo! ester-induced expression of 
airway squamous cell differentiation 
marker, SPRR1B, is regulated by 
protein kinase 
Cdelta /Ras/MEKKl/MKKl- 
dependent/AP-1 signal transduction 
pathway. [J Biol Chem. 2000] 

See all Related Articles... 
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Green tea polyphenol stimulates a Ras, MEKK1, MEK3, and 
p38 cascade to increase activator protein 1 factor-dependent 
involucrin gene expression in normal human keratinocytes. 



B ala su bramanian S Efimova T r Eckert RL . 

Department of Physiology, Case Western Reserve University School of 
Medicine, Cleveland, Ohio 44106-4970, USA. 

(-)-Epigallocatechin-3-ga!late (EGCG) is an important 
bioactive constituent of green tea that efficiently reduces 
epidermal cancer cell proliferation. This inhibition is 
associated with a reduction in activator protein 1 (API) 
transcription factor level and activity. However, its effects on 
API function in normal epidermal cells have not been 
extensively explored. Our present studies show that EGCG 
regulates normal keratinocyte function. To understand the 
mechanism of action, we examined the effects of EGCG on 
API factor activity, MAPK signal transduction, and expression 
of the API factor-regulated human involucrin (hINV) gene. 
EGCG increases hllW promoter activity in a concentration- 
dependent manner that requires the presence of an intact 
hINV promoter API factor binding site. This response appears 
to be physiologic, as endogenous hINV gene expression is 
also increased. Fra-1, Fra-2, FosB, JunB, JunD, c-Jun, and c- 
Fos levels are increased by EGCG treatment, as is API factor 
binding to hINV promoter API site. Gel mobility shift studies 
show that this complex contains Fra-1 and JunD. Signal 
transduction analysis indicates that the EGCG response 
requires Ras, MEKK1, MEK3, and p38 kinases. Kinase assays 
and inhibitor studies suggest that p38delta is the p38 isoform 
responsible for the regulation. These changes are also 
associated with a cessation of cell proliferation and enhanced 
cornified envelope formation. These studies show that in 
normal human keratinocytes EGCG markedly increases, via a 
MAPK signaling mechanism, API factor-associated responses. 

PMID: 11698415 [PubMed - indexed for MEDLINE] 
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Links 



Related Links 



Green tea polyphenol and curcumin 
inversely regulate human involucrin 
promoter activity via opposing 
effects on CCAAT/enhancer-binding 
protein function . p Biol Chem. 2004] 

Regulation of human involucrin 
promoter activity by a protein kinase 
C, Ras, MEKK1, MEK3, p38/RK, API 
signal transduction paifoK&tsfim. 19981 

Opposing action of curcumin and 
green tea polyphenol in human 
keratinocytes. TMol Nutr Food Res. 20061 

Novel protein kinase C isoforms 
regulate human keratinocyte 
differentiation by activating a p38 
delta mitogen-activated protein 
kinase cascade that targets 
CCAAT/enhancer-binding protein 
alpha. P Biol Chem. 20021 

Fos-related antigen (Fra-1), junB, 
and junD activate human involucrin 
promoter transcription by binding to 
proximal and distal API sites to 
mediate phorbol ester effects on 
promoter activity, p Biol Chem. 19951 

See all Related Articles... 
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Links 



Transcriptional regulation by MAP kinases. 



Davis RJ , 

Department of Biochemistry and Molecular Biology, Howard Hughes 
Medical Institute, University of Massachusetts Medical Center, 
Worcester, MA 01605, USA. 

Tyrosine kinase growth factor receptors activate MAP kinase 
by a complex mechanism involving the SH2/3 protein Grb2, 
the exchange protein Sos, and Ras. The GTP-bound Ras 
protein binds to the Raf kinase and initiates a protein kinase 
cascade that leads to MAP kinase activation. Three MAP 
kinase kinase kinases have been described-c-Raf, c-Mos, and 
Mekk—that phosphorylate and activate Mek, the MAP kinase 
kinase. Activated Mek phosphorylates and activates MAP 
kinase. Subsequently, the activated MAP kinase translocates 
into the nucleus where many of the physiological targets of 
the MAP kinase signal transduction pathway are located. 
These substrates include transcription factors that are 
regulated by MAP kinase phosphorylation (e.g., Elk-1, c-Myc, 
c-Jun, c-Fos, and C/EBP beta). Thus the MAP kinase pathway 
represents a significant mechanism of signal transduction by 
growth factor receptors from the cell surface to the nucleus 
that results in the regulation of gene expression. Three MAP 
kinase homologs have been identified in the rat: Erkl, Erk2, 
and Erk3. Human MAP kinases that are similar to the rat Erk 
kinases have also been identified by molecular cloning. The 
human Erkl protein kinase has been shown to be widely 
expressed as a 44-kDa protein in many tissues. The human 
Erk2 protein kinase is a 41-kDa protein that is expressed 
ubiquitously. In contrast, a human Erk3-related protein kinase 
has been found to be expressed at a high level only in heart 
muscle and brain. The loci of these MAP kinase genes are 
widely distributed within the human genome: erk2 at 
22qll.2; erkl at 16pll.2; and ek3-related at 18ql2-21. In 
the yeast Saccharomyces cerevisiae, five MAP kinase gene 
homologs have been described: smkl, mpkl, hogl, fus3, and 
kssl. Together, these kinases are a more diverse group than 
the human erks that have been identified. Thus the erks are 
likely to represent only one subgroup of a larger human MAP 
kinase gene family. A candidate for this extended family of 
MAP kinases is the c-Jun NH2-terminal kinase (Jnk), which 
binds to and phosphorylates the transcription factor c-jun at 



Related Links 



c-Fos transcriptional activity 
stimulated by H-Ras-activated 
protein kinase distinct from JNK and 
ERK. [Nature. 1994] 

Growth hormone stimulates 
phosphorylation and activation of 
elk-1 and expression of c-fos, egr-1, 
and junB through activation of 
extracellular signal-regulated 
kinases 1 and 2. [J Biol Chem. 1998] 

CGP 41251 and tamoxifen 
selectively inhibit mitogen-activated 
protein kinase activation and c-Fos 
phosphoprotein induction by 
substance P in human astrocytoma 
eel I s . f Ceil Growth Differ. 19971 

Glutamate induces phosphorylation 
of Elk-1 and CREB, along with c-fos 
activation, via an extracellular 
signal-regulated kinase-dependent 
pathway in brain sMprast Cell Biol. 1999] 

Fibroblast growth factor receptor 
signaling activates the human 
interstitial collagenase promoter via 
the bipartite Ets-#l&l etakMntt. 19971 
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the activating sites Ser-63 and Ser-73. Evidence is presented 
here to demonstrate that Jnk is a distant relative of the MAP 
kinase group that is activated by dual phosphorylation at Tyr 
and Thr. 

PMID: 8607977 [PubMed - indexed for MEDLINE] 
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F 1: J Biol Chem. 1995 May 19;270(20):11757-60. 



Direct interaction between Ras and the kinase domain of 
mitogen-activated protein kinase kinase kinase (MEKK1). 



Russell M , Lanqe-Carter CA , Johnson GL . 

Division of Basic Sciences, National Jewish Center for Immunology 
and Respiratory Medicine, Denver, Colorado 80206, USA. 

Mitogen-activated protein kinase kinase kinase (MEKK1) is a 
serine-threonine kinase that regulates sequential protein 
kinase pathways involving stress-activated protein kinases 
and mitogen-activated protein kinases. MEKK1 is activated in 
response to growth factor stimulation of cells and by 
expression of activated Ras. We demonstrate that the kinase 
domain of MEKK1 (MEKKCOOH) binds to GST-RasV12 in a 
GTP-dependent manner. Purified bacterially expressed 
MEKKCOOH binds to GST-RasV12(GTP gamma S) (GTP 
gamma S is guanosine 5'-3-0-(thio)triphosphate), 
demonstrating a direct interaction of the two proteins. A Ras 
effector domain peptide blocks the binding of MEKKCOOH to 
GST-RasV12(GTP gamma S). MEKKCOOH complexed with 
GST-RasV12(GTP gamma S) is capable of phosphorylating 
MEK1. These findings indicate that MEKK1 directly binds 
Ras. GTP, Thus, Ras interacts with protein kinases of both the 
Raf and MEKK families. 



PMID: 7744823 [PubMed - indexed for MEDLINE] 
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Related Links 



Purification of a Ras-dependent 
mitogen-activated protein kinase 
kinase kinase from bovine brain 
cytosol and its identification as a 
complex of B-Raf and 14-3-3 
proteins. p Biol Chem. 19951 

Different effects of various 
phospholipids on Ki-Ras-, Ha-Ras-, 
and RaplB-inducedfJPB^CfiKrtrty^W|. 

Activation of brain B-Raf protein 
kinase by RaplB small GTP-binding 
protein. p Biol Chem. 19961 

The cysteine-rich region of raf-1 
kinase contains zinc, translocates to 
liposomes, and is adjacent to a 
segment that binds REBBI-Qifem. 19941 

Complexes of Ras. GTP with Raf-1 
and mitogen-activated protein 
kinase kinase. [Science. 19931 
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r~ 1: CelL 1992 Mar 20;68(6):1031-40. 



Cell Press 



Ras is essential for nerve growth factor- and phorbol ester- 
induced tyrosine phosphorylation of MAP kinases. 



Thomas SM , DeMarco M , P'Arcanaelo G . Halegoua S , 
Bru gg e JS . 

Howard Hughes Medical Institute, Department of Microbiology, 
University of Pennsylvania, Philadelphia 19104. 

Treatment of PC12 cells with nerve growth factor (NGF) 
induces a rapid increase in tyrosine phosphorylation of 
multiple cellular proteins. Expression of a dominant inhibitory 
Ras mutant specifically blocked NGF- and TPA-induced 
tyrosine phosphorylation of two proteins of approximately 42 
and 44 kd. Conversely, expression of an oncogenic variant of 
Ras induced tyrosine phosphorylation of the same 42 and 44 
kd proteins. The 44 kd protein was immunoprecipitated with 
an antibody directed against extracellular signal-regulated 
kinase 1/mitogen-activated protein kinase (MAPK) and the 42 
kd protein comigrated with a 42 kd MAPK, indicating that at 
least one and probably both Ras-regulated phosphoproteins 
are MAPKs. In addition, MAPK activation, as measured by in 
vitro phosphorylation of myelin basic protein, was also 
regulated by Ras. Ras was not required for NGF-induced 
activation of Trk or tyrosine phosphorylation of PLC-gamma 1. 
Thus, NGF-induced tyrosine phosphorylation occurs both prior 
to and following Ras action, and Ras plays a critical role in the 
NGF- and TPA-induced tyrosine phosphorylation of MAPKs. 

PMID: 1312392 [PubMed - indexed for MEDLINE] 



Links 



Related Links 



ras mediates nerve growth factor 
receptor modulation of three signal- 
transducing protein kinases: MAP 
kinase, Raf-1, and RSK. [Cell. 19921 

Nerve growth factor stimulates the 
activities of the raf-1 and the 
mitogen-activated protein kinases 
via the trk protooncpgwehem. 1992] 

Suppression of nerve growth factor- 
induced neuronal differentiation of 
PC12 cells. N-acetylcysteine 
uncouples the signal transduction 
from ras to the mitogen-activated 
protein kinase casc?tf Bid Chem. 19961 

Inhibition of PLC-gammal activity 
converts nerve growth factor from 
an anti-mttogenic to a mitogenic 
signal in CHO cells. [Oncogene. 1999] 

Nerve growth factor stimulates the 
tyrosine phosphorylation of a 38- 
kDa protein that specifically 
associates with the src homology 
domain of phospholipase C-gamma 
1. [JBiolChem. 1992] 
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□ 1: Cancer Res. 1988 Jun 15;48(12):3470-7. 



Links 



Transformation of normal homologous cells by a 
spontaneously activated Ha-ras oncogene. 



Schwartz SA , Shuler CF f Freebeck P. 

Department of Pathology, Chicago Medical School, Illinois 60064. 

Several tumor-derived oncogenes have been shown to 
independently act as complete carcinogens following 
transfection into target cells from established tissue culture 
lines. However, the number and types of oncogenes required 
to transform primary cultures of normal mammalian cells is 
unclear. To clarify this issue in a simplified model system, we 
transfected genomic DNA from a naturally occurring rat tumor 
into NIH/3T3 cells as well as into early passage rat embryo 
fibroblasts. The 3T3 cells were transformed with high 
efficiency to malignant phenotypes; the rat embryo cells were 
transformed at lower frequencies following cotransfection with 
a selectable neomycin resistance marker and treatment with 
Geneticin (G418). The transformed rat cells had cancerous 
phenotypes as determined by in vitro, cytogenetic, and in 
vivo criteria. Moreover, the transformed mouse and rat cells 
contained new tumor DNA-derived nucleotide sequences 
homologous to the activated human Ha-ras oncogene. 
Elevated levels of Ha-ras-specific mRNA, as well as enhanced 
expression of the Mr 21,000 oncogene product, were detected 
in the transformed cells. Therefore, under well-defined 
experimental conditions, a spontaneously activated Ha-ras 
oncogene from a naturally occurring tumor was able to 
independently transform normal, homologous cells to a 
malignant phenotype. 

PMID: 3285996 [PubMed - indexed for MEDLINE] 



Related Links 



Immune response to progressor 
variants derived from transfection of 
an ultraviolet radiation-induced C3H 
mouse regressor tumor cell line with 
activated Harvey-ra$Ganc®cj$Bei990] 

A ribozyme specifically suppresses 
transformation and tumorigenicity of 
Ha-ras-oncogene-transformed 
NIH/3T3 cflian».Resain Oncol. 19971 

Defining the critical gene expression 
changes associated with expression 
and suppression of the tumorigenic 
and metastatic phenotype in Ha-ras- 
transformed cloned rat embryo 
fibroblast cells. [Oncogene. 1993] 

Rat embryo cells immortalized with 
transfected oncogenes are 
transformed by gamfttad«a^ti<992] 

Oncogene alterations in in vitro 
transformed rat tracheal epithelial 
cells. [MutetRes. 1990] 
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Links 



! Effects of 12-0-Tetradecanoylphorbol-13-acetate (TPA) on rat 
I pheochromocytoma (PC12) cells: interactions with epidermal 
j growth factor and nerve growth factor. 



End P, Tolson N . Yu MY , Guroff G . 

The phorbol ester tumor promotor 12-0-tetradecanoylphorbol- 
13-acetate (TPA) specifically inhibited the binding of 
radioiodinated epidermal growth factor (125I-EGF) to rat 
pheochromocytoma (PC12) cells in a noncompetitive fashion 
with an apparent Ki of 11-26 nM. Both TPA and EGF elicited 
similar biological responses in PC12 cells including enhanced 
incorporation of 3H-choline and 32 P-orthophosphate into 
macromolecules, induction of ornithine decarboxylase, and 
stimulation of the phosphorylation of a 30,000 MW 
nonhistone, chromosome-associated protein. These effects 
were also elicited by nerve growth fact (NGF) which, in 
contrast to the former agents, is a differentiating stimulus for 
PC12 cells. The effects of TPA were additive or more than 
additive to the effects of NGF and EGF. When PC12 cells were 
induced to differentiate by treatment with NGF for 72 hours, 
the binding of 125I-EGF and responses to EGF were reduced 
by approximately 70%. The response of PC12 cells to the 
tumor promoter TPA was unaffected by treatment with NGF. 
Thus, the qualitatively similar effects of TPA and EGF seemed 
to be mediated through separate receptor systems with only 
the EGF receptor system reduced by NGF treatment. 

PMID: 6979547 [PubMed - indexed for MEDLINE] 



Related Links 



Tumor promoter modulation of 
epidermal growth factor- and nerve 
growth factor-induced adhesion and 
growth factor binding of PC-12 
pheochromocytoma;j<S^ll3?hysiol. 1980] 

Nerve growth factor- and epidermal 
growth factor- regulated gene 
transcription in PC12 
pheochromocytoma and INS-1 
insulinoma cells. [Eur J Cell Biol. 2000] 

Simultaneous visualization of the 
binding of nerve growth factor and 
epidermal growth factor to single rat 
pheochromocytoma (PC12) cells 
through indirect 

immunohistofluop^mschem. 19821 

Ionic responses and growth 
stimulation induced by nerve growth 
factor and epidermal growth factor 
in rat pheochromocytoma (PC12) 
cells. p Cell Biol. 1983] 

The lack of a role for protein kinase 
C in neurite extension and in the 
induction of ornithine decarboxylase 
by nerve growth fa cfTXSi6ncR©t»2 1<^^ . 
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Links 



Signalling from TPA to MAP kinase requires protein kinase C, 
raf and MEK: reconstitution of the signalling pathway in vitro. 



Mar qu a rd t B, F rith P , Stabel S . 

Max-Delbruck-Laboratorium in der Max-Planck-Gesellschaft, Koln, 
Germany. 

The phorbol ester PMA/TPA (phorbol 12-myristate 13-acetate) 
is a potent tumor promoter which mimics distinct intracellular 
signalling events triggered by activated growth factor 
receptors, e.g. the activation of MAP kinases. The largest 
known family of TPA-binding proteins comprise members of 
the protein kinase C (PKC) family although other TPA-binding 
proteins outside the PKC family have recently been identified. 
In this report we addressed the mechanism and the pathway 
by which TPA induces the activation of MAPkinases. Using 
recombinant proteins and in vitro phosphorylation reactions 
we identified the components in the signal transduction 
pathway from TPA to MAPkinase and we show that the 
activation of MAPkinase by TPA requires the presence of 
protein kinase C, c-raf and the MAPkinase activator MEK. We 
also find that the activation of raf autophosphorylation in vitro 
correlates with the ability of Raf to signal to MAPkinase. Thus 
the activation of Raf by PKC apparently can trigger the same 
signalling pathway as oncogenic Raf or Raf activation by ras in 
combination with tyrosine phosphorylation. 

PMID: 7936644 [PubMed - indexed for MEDLINE] 



Related Links 



Protein kinase C activates the MEK- 
ERK pathway in a manner 
independent of Ras and dependent 
on Raf. [j Biol Chem. 1996] 

c-Raf/MEK/ERK pathway controls 
protein kinase C-mediated p70S6K 
activation in adult cardiac muscle 
cells. P Biol Chem. 2002] 

The T-cell antigen receptor utilizes 
Lck, Raf-1, and MEK-1 for activating 
mitogen-activated protein kinase. 
Evidence for the existence of a 
second protein kinase C-dependent 
pathway in an Lck-negative Jurkat 
cell mutant. [j Biol Chem. 1994] 

A dominant role for the Raf-MEK 
pathway in forskolin, 12-0- 
tetradecanoyl-phorbol acetate, and 
platelet-derived growth factor- 
induced CREB (cAMP-responsive 
element-binding protein) activation, 
uncoupled "from serine 133 
phosphorylation \fm%B?iddcftrt&\\£999] 

B-Raf-dependent regulation of the 
MEK-l/mitogen-activated protein 
kinase pathway in PC12 cells and 
regulation by cyclic fAWIfCell Biol. 1994] 

See all Related Articles... 
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[~ 1: Science. 1994 Sep 2;265(5177):1458-61. 



Ras-dependent growth factor regulation of MEK kinase in 
PC12 cells. 



Lange - Carter CA f Johnson GL. 

Division of Basic Sciences, National Jewish Center for Immunology 
and Respiratory Medicine, Denver, CO 80206. 

Mitogen-activated protein kinases (MAPKs) are rapidly 
activated in response to stimulation of diverse receptor types. 
MAPKs are positively regulated by phosphorylation on 
threonine and tyrosine by MAP kinase or extracellular signal- 
regulated kinase (ERK) kinases (MEKs). MEK kinase (MEKK) is 
part of a family of serine-threonine protein kinases that 
phosphorylate and activate MEKs independently of Raf. MEKK 
was rapidly and persistently activated in response to 
stimulation of resting PC12 cells with epidermal growth factor 
(EGF). Nerve growth factor (NGF) and 12-0- 
tetradecanoylphorbol-13-acetate (TPA) also activated MEKK, 
although to a lesser degree than did EGF. Activation of MEKK 
and B-Raf in response to EGF was inhibited by expression of 
dominant negative N17Ras. Expression of oncogenic Ras 
resulted in activation of MEKK. Stimulation of synthesis of 
cyclic adenosine S^S'-monophosphate abolished activation of 
MEKK and B-Raf by EGF, NGF, and TPA. Thus, Ras 
simultaneously controls the activation of members of the Raf 
and MEKK families of protein kinases. 

PMID: 8073291 [PubMed - indexed for MEDLINE] 



Science 



Links 



Related Links 



B-Raf-dependent regulation of the 
MEK-l/mitogen-activated protein 
kinase pathway in PC12 cells and 
regulation by cyclic (Mfcff&eii Biol. 1994] 

Differential activation of ERK and 
JNK mitogen-activated protein 
kinases by Raf-1 and !%^Knce. 19941 

The mitogen-activated protein 
kinase cascade is activated by B-Raf 
in response to nerve growth factor 
through interaction flN&hC#EBio& 3,994] 

Protein kinase C activates the MEK- 
ERK pathway in a manner 
independent of Ras and dependent 
on Raf. R Bid Chem. 19961 

MEK-1 phosphorylation by MEK 
kinase, Raf, and mitogen-activated 
protein kinase: analysis of 
phosphopeptides and regulation of 
activity. fMol Biol Cell. 1994] 
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□ 1: J Biol Chem. 1998 Mar 2Q;273(12):7141 -7. 



Caspase-dependent cleavage of signaling proteins during 
apoptosis. A turn-off mechanism for anti-apoptotic signals. 



Widmann C f Gibson S , Johnson GL . 

Program in Molecular Signal Transduction, National Jewish Medical and 
Research Center, Denver, Colorado 80206, USA. 

Caspases are activated during apoptosis and cleave specific 
proteins, resulting in the irreversible commitment to cell 
death. The signal transduction proteins MEKK1, p21-activated 
kinase 2, and focal adhesion kinase are caspase substrates 
that contribute to the cell death response when cleaved. 
Thirty additional signaling proteins were screened for their 
ability to be cleaved during apoptosis. Twenty-two of these 
proteins were not affected in Jurkat cells stimulated to 
undergo apoptosis by Fas ligation, exposure to ultraviolet-C or 
incubation with etoposide. Ras GTPase-activating protein was 
found to be a caspase substrate whose cleavage followed the 
same time course as that for activation of caspase activity 
and the cleavage of MEKK1 and focal adhesion kinase. Four 
additional proteins, Cbl, Cbl-b, Raf-1, and Akt-1, were cleaved 
later in the apoptotic response. These signaling proteins were 
similarly cleaved in U937 cells undergoing apoptosis. 
Cleavage of the proteins was blocked by caspase inhibitors in 
Jurkat cells or in U937 cells expressing BclxL, demonstrating 
that the cleavage was dependent on caspase activation. 
Cleavage of Raf-1 and Akt correlated with the loss of 
extracellular signal-regulated kinase and Akt activities in 
apoptotic cells. Neither c-Jun N-terminal kinase nor p38 
mitogen-activated protein kinase was cleaved in cells 
undergoing apoptosis, and the activation of the c-Jun N- 
terminal kinase and p38 mitogen-activated protein kinase 
pathways was not compromised in apoptotic ceils. These 
results indicate that caspase-dependent cleavage of specific 
proteins induces the turn off of survival pathways, such as the 
extracellular signal-regulated kinase and phosphatidylinositol- 
3 kinase/Akt pathways, that could otherwise interfere with the 
apoptotic response. 

PMID: 9507028 [PubMed - indexed for MEDLINE] 
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Anti-apoptotic role of focal adhesion 
kinase (FAK). Induction of inhibitor- 
of-apoptosis proteins and apoptosis 
suppression by the overexpression 
of FAK in a human leukemic ceil line, 
HL-60. P Biol Chem. 20001 

Caspases cleave focal adhesion 
kinase during apoptosis to generate 
a FRNK-like polypefftJi&fei Chem. 19981 

Involvement of Asp-Glu-Val-Asp- 
directed, caspase-mediated 
mitogen-activated protein kinase 
kinase 1 Cleavage, c-Jun N-terminai 
kinase activation, and subsequent 
Bcl-2 phosphorylation for paclitaxel- 
induced apoptosifNiol Htaftfeodlaooil 

MEK kinase 1, a substrate for DEVD- 
directed caspases, is involved in 
genotoxin-induced #loWef$B!cL 19981 

Caspase-mediated cleavage of focal 
adhesion kinase ppl25FAK and 
disassembly of focal adhesions in 
human endothelial c^ll B#aftfcdsif©98] 
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H 1: J Biol Chem. 2002 Jun 21;277(25):23065-75. Epub 2002 Apr 8. 



c-Raf/MEK/ERK pathway controls protein kinase C-mediated 
p70S6K activation in adult cardiac muscle cells. 



Iijima Y, Laser N , Shiraishi H f Willey CP , 
Sundaravadivel B , XuJL, McDermott PJ f Kuppuswamy D . 

Cardiology Division of the Department of Medicine, Gazes Cardiac 
Research Institute, Medical University of South Carolina, Charleston, 
South Carolina 29425-2221, USA. 

p70S6 kinase (S6K1) plays a pivotal role in hypertrophic 
cardiac growth via ribosomal biogenesis. In pressure- 
overloaded myocardium, we show S6K1 activation 
accompanied by activation of protein kinase C (PKC), c-Raf, 
and mitogen-activated protein kinases (MAPKs). To explore 
the importance of the c-Raf/MAPK kinase (MEK)/MAPK 
pathway, we stimulated adult feline cardiomyocytes with 12- 
O-tetradecanoylphorbol-13-acetate (TPA), insulin, or forskolin 
to activate PKC, phosphatidylinositol-3-OH kinase, or protein 
kinase A (PKA), respectively. These treatments resulted in 
S6K1 activation with Thr-389 phosphorylation as well as 
mammalian target of rapamycin (mTOR) and S6 protein 
phosphorylation. Thr-421/Ser-424 phosphorylation of S6K1 
was observed predominantly in TPA-treated cells. Dominant 
negative c-Raf expression or a MEK1/2 inhibitor (U0126) 
treatment showed a profound blocking effect only on the TPA- 
stimulated phosphorylation of S6K1 and mTOR. Whereas p38 
MAPK inhibitors exhibited only partial effect, MAPK- 
phosphatase-3 expression significantly blocked the TPA- 
stimulated S6K1 and mTOR phosphorylation. Inhibition of 
mTOR with rapamycin blocked the Thr-389 but not the Thr- 
421/Ser-424 phosphorylation of S6K1. Therefore, during PKC 
activation, the c-Raf/MEK/extracellular signal-regulated 
kinase-1/2 (ERK1/2) pathway mediates both the Thr-421/Ser- 
424 and the Thr-389 phosphorylation in an mTOR- 
independent and -dependent manner, respectively. Together, 
our in vivo and in vitro studies indicate that the PKC/c- 
Raf/MEK/ERK pathway plays a major role in the S6K1 
activation in hypertrophic cardiac growth. 

PMID: 11940578 [PubMed - indexed for MEDLINE] 
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A dominant role for the Raf-MEK 
pathway in forskolin, 12-0- 
tetradecanoyl-phorbol acetate, and 
platelet-derived growth factor- 
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element-binding protein) activation, 
uncoupled from serine 133 
phosphorylation ifM^ffEha3c3irc^lt^99] 

Cross-talk between the ERK and p70 
S6 kinase (S6K) signaling pathways. 
MEK-dependent activation of S6K2 
in cardiomyocytes. p Biol Chem. 2001] 

Constitutively active Galphal6 
stimulates STAT3 via a c-Src/JAK- 
and ERK-dependentj;jiE^I[m8ffin2003] 

Requirement for a hsp90 chaperone- 
dependent MEK1/2-ERK pathway for 
B cell antigen receptor-induced 
cyclin D2 expression in mature B 
lymphocytes. p Biol Chem. 20021 

FGF-2 and TPA induce matrix 
metalloproteinase-9 secretion in 
MCF-7 cells through PKC activation 
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> ABSTRACT 



Abstract 

Beauvericin (BEA), a cyclic hexadepsipeptide from 
Codyceps cicadae, possesses anti-convulsion, anti- 
arrhythmia, sedation, and anti-tumor activities. It has been 
reported that BEA induces apoptosis in several cancer cell 
lines. However, the molecular mechanism underlying the 
BEA-induced apoptotic process is not yet clearly 
understood. In the present study, the intracellular signaling 
pathways of BEA-induced apoptosis in human non-small 
cell lung cancer (NSCLC) A549 cells were investigated 
using morphological analysis and terminal deoxynucleotidyl 
transferase dUTP nick-end labeling (TUNEL) technique. In 
this study, BEA-induced apoptosis in human NSCLC A549 
cells demonstrated a BEA concentration- and treatment 
time-dependent manner. This BEA-induced apoptosis in 
human NSCLC A549 cells was also accompanied by the 
up-regulation of Bax, Bak, and p-Bad and down-regulation 
of p-Bcl-2, but no effect on the levels of Bcl-X L or Bad 
proteins. Moreover, the BEA treatment resulted in a 
significant reduction of mitochondrial membrane potential, 
increase in the release of mitochondrial cytochrome c (cyt 
c), and activation of caspase 3. Furthermore, treatment 
with caspase 3 inhibitor (z-DEVD-fmk) was capable to 
prevent the BEA-induced caspase 3 activity and ceil death. 
These results clearly demonstrate that the induction of 
apoptosis by BEA involves multiple cellular/molecular 
pathways and strongly suggest that pro- and anti-apoptotic 
Bcl-2 family proteins, mitochondrial membrane potential, 
mitochondrial cyt c, and caspase 3, they all participate in 
BEA-induced apoptotic process in human NSCLC A549 
cells. 
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Beauvericin induces cytotoxic effects in human acute 
lymphoblastic leukemia cells through cytochrome c release, 
caspase 3 activation: the causative role of calcium. 



Jow GM , Chou CJ , Chen BF . Tsai JH . 

School of Medicine, Fu Jen Catholic University, 510, Chung-Cheng 
Road, Hsin-Chuang, Taipei Hsien 242, Taiwan. 
nursl019@mails.fju.edu.tw 

Beauvericin (BEA), a cyclic hexadepsipeptide, induces cell 
death in human leukemia cells (CCRF-CEM) and the process 
of BEA-induced cell death has been speculated to undergo an 
apoptotic pathway. In the present study, several well- 
characterized factors, known to play important roles in 
apoptotic pathway, were investigated in BEA-induced CCRF- 
CEM cell death. CCRF-CEM cells were treated with BEA at 
concentrations from 1 to 10 microM for up to 24 h. The 
incidence of nuclear fragmentation and apoptotic body 
formation in the cells, cytosolic caspase-3 activity, 
mitochondrial membrane potential, and release of cytochrome 
c (Cyt c) from mitochondria in BEA-treated cells were 
determined and compared with that in untreated cells. 
Moreover, to investigate the role of intracellular Ca++ in this 
cell death process, CCRF-CEM cells were primed with 3 
microM of BAPTA/AM, a Ca++ chelator, to exclude 
intracellular Ca++ prior to the BEA treatment. The data 
revealed that BEA-induced cell death in CCRF-CEM cells 
exhibited a dose- and time-dependent manner. The incidence 
of nuclear fragmentation and apoptotic body formation was 
significantly increased in CCRF-CEM cells treated with BEA at 
concentrations of 1 microM or greater. Increase of cytosolic 
caspase-3 activity was also observed in BEA-treated cells with 
a dose-dependent manner. In addition, increased release of 
Cyt c from mitochondria was also observed in the cells treated 
with 10 microM BEA in a time-dependent pattern. The 
BAPTA/AM pretreatment partially blocked BEA-induced cell 
death in CCRF-CEM cells, indicating that intracellular Ca+ + 
plays an important role, maybe as a mediator in cell death 
signaling, in this cell death pathway. The results support the 
notion that BEA-induced cell death in CCRF-CEM cells likely 
undergo through an apoptotic pathway on the basis of 
increase of release of Cyt c from mitochondria, increase of 
caspase-3 activity, and some observed typical apoptotic 



MllLmlMSillSHE 



Related Links 



Involvement of Bcl-2 family, 
cytochrome c and caspase 3 in 
induction of apoptosis by 
beauvericin in human non-small cell 
lung cancer cells. [Cancer Lett. 2005] 

Armepavine oxalate induces cell 
death on CCRF-CEM leukemia cell 
line through an apoptotftiffe28ib.vS2Si041 

Glutamate-induced apoptosis in 
primary cortical neurons is inhibited 
by equine estrogens via down- 
regulation of caspase-3 and 
prevention of mitochondrial 
cytochrome c releferac Neurosci. 20051 

Induction of calcium influx from 
extracellular fluid by beauvericin in 
hurfmi^lie^O]iia/s^.Commun. 20061 

Signal transduction of p53- 
independent apoptotic pathway 
induced by hexavalent chromium in 
U937 cellsfToxicol Appl Pharmacol. 20041 

See all Related Articles... 



http://ww.ncbi.nlm.nih^ 10/27/06 



Entrez PubMed 



Page 2 of 2 



cellular changes in morphology. 



PMID: 15533592 [PubMed - indexed for MEDLINE] 
Display 



AbstractPlus 



FT Show )20 iF^l fSortby Rl fSend to \\^\ 



Write to the Help Desk 
NCBI 1 NLM | NIH 
Department of Health & Human Services 
Privacy Statement | Freedom of Information Act | Disclaimer 



Ocl 24 2006 07:33:51 



http:/A\^.ncbi.nlm.nih^ 10/27/06 



Cancer Letters 



Page 1 of 2 





Regis te r or Login:! 



Password:! 



m [j Auto-Login [Rem] 



Search | This Periodical for | 

Advan ced Search - MEDLINE - M y Recent Searches - M y Saved Searches - Se 



JOURNAL HOME 



CURRENT ISSUE 



BROWSE ALL ISSUES 



MINI REVIEWS 



SPECIAL ISSUES 



SEARCH THIS JOURNAL 



JOURNAL INFORMATION 

• Aims and Scope 

• Editorial Board 

• Author Information 

• Abstracting/Indexing 

• Contact Information 

• Pricing Information 



More periodicals: 



FIND A PERIODICAL 



FIND A PORTAL 



GO TO PRODUCT CATALOG 



Volume 216, Issue 2. 
Pages 165-173 (28 
December 2004) 



4 previous 



4of 16 



Beauvericin induces cytotoxic effects in 
human acute lymphoblastic leukemia cells 
through cytochrome c release, caspase 3 
activation: the causative role of calcium 

Guey-Mei Jow^M 1 ^, Chen g -Jen Cho iA Bing-Fanq Chen*, Jia- 
HueiTsai- 



Received 18 February 2004; received in revised form 1 June 2004; 
accepted 2 June 2004 



Abstract 

Beauvericin (BEA), a cyclic hexadepsipeptide, induces cell 
death in human leukemia cells (CCRF-CEM) and the 
process of BEA-induced cell death has been speculated to 
undergo an apoptotic pathway. In the present study, 
several well-characterized factors, known to play important 
roles in apoptotic pathway, were investigated in BEA- 
induced CCRF-CEM cell death. CCRF-CEM cells were 
treated with BEA at concentrations from 1 to 10//M for up 
to 24h. The incidence of nuclear fragmentation and 
apoptotic body formation in the cells, cytosolic caspase-3 
activity, mitochondrial membrane potential, and release of 
cytochrome c (Cyt c) from mitochondria in BEA-treated 
cells were determined and compared with that in untreated 
cells. Moreover, to investigate the role of intracellular Ca ++ 
in this cell death process, CCRF-CEM cells were primed 
with 3//M of BAPTA/AM, a Ca ++ chelator, to exclude 
intracellular Ca ++ prior to the BEA treatment. The data 
revealed that BEA-induced cell death in CCRF-CEM cells 
exhibited a dose- and time-dependent manner. The 
incidence of nuclear fragmentation and apoptotic body 
formation was significantly increased in CCRF-CEM cells 
treated with BEA at concentrations of 1/;M or greater. 
Increase of cytosolic caspase-3 activity was also observed 
in BEA-treated cells with a dose-dependent manner. In 
addition, increased release of Cyt c from mitochondria was 
also observed in the cells treated with 10//M BEA in a time- 
dependent pattern. The BAPTA/AM pretreatment partially 
blocked BEA-induced cell death in CCRF-CEM cells, 
indicating that intracellular Ca ++ plays an important role, 
maybe as a mediator in cell death signaling, in this cell 
death pathway. The results support the notion that BEA- 
induced cell death in CCRF-CEM cells likely undergo 
through an apoptotic pathway on the basis of increase of 
release of Cyt c from mitochondria, increase of caspase- 
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Constitutive expression of the c-H-ras oncogene inhibits 
doxorubicin-induced apoptosis and promotes cell survival in 
a rhabdomyosarcoma cell line. 



Nooter K , Boersma AW, Oostrum RG , Burger H , 
Jochemsen AG , Stoter G . 

Department of Medical Oncology, University Hospital Rotterdam, The 
Netherlands. 

Drugs used in anti-cancer chemotherapy are thought to exert 
their cytotoxic action by induction of apoptosis. Genes have 
been identified which can mediate or modulate this drug- 
induced apoptosis, among which are c-myc, p53 and bcl-2. 
Since expression of oncogenic ras genes is a frequent 
observation in human cancer, we investigated the effects of 
the c-H-ras oncogene on anti-cancer drug-induced apoptosis. 
Apoptosis induced by a 2 h doxorubicin exposure was 
measured by in situ nick translation and flow cytometry in a 
rat cell line (R2T24) stably transfected with the c-H-ras 
oncogene and in a control cell line (R2NEO) transfected only 
with the antibiotic resistance gene neo. Both cell lines (R2T24 
and R2NEO) had nearly identical growth characteristics, 
including cell doubling time, distribution over the cell cycle 
phases and plating efficiency in soft agar. Doxorubicin 
exposure of the R2NEO cells led to massive induction of 
apoptosis. In contrast, R2T24 cells, expressing the c-H-ras 
oncogene, showed significantly less apoptosis after 
doxorubicin incubation. Doxorubicin induced approximately 3- 
to 5-fold less cytotoxicity in the R2T24 cells than in the 
R2NEO cells, as determined by clonogenic assay in soft agar. 
No difference was observed in intracellular doxorubicin 
accumulation between the two cell lines, indicating that the 
classical, P-glycoprotein-mediated multidrug resistance 
phenotype is not involved in the observed differences in drug 
sensitivity. In conclusion, our data show that constitutive 
expression of the c-H-ras oncogene suppresses doxorubicin- 
induced apoptosis and promotes cell survival, suggesting that 
human tumours with ras oncogene expression might be less 
susceptible to doxorubicin treatment. 
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□ 1: Biotechnol Lett. 2006 Sep 23; [Epub ahead of print] 



Cloning and characterization of a novel small monomeric 
GTPase, RasHOB, with tumor suppressor potential. 



Zou H , HjulJL, LjJ, Zhan S Cao K , 

State Key Laboratory of Genetic Engineering, Department of 
Biochemistry, School of Life Sciences, Fudan University, Shanghai, 
200433, PR China, kmcao@fudan.edu.cn. 

Ras proteins are members of the superfamily of small GTPase. 
A novel human Ras-like transcript, termed RasLlOB, was 
isolated from human blood cell cDNA library. RasLlOB gene 
contains four exons and three introns, which encodes a 203 
amino acid protein with a molecular mass of about 23.2 kDa. 
RT-PCR analysis showed that RasLlOB is expressed 
extensively in human tissues. Subcellular location analysis of 
GFP-RasLlOB fusion protein revealed that RasLlOB was 
distributed to the cytoplasm of COS7 cells. In addition, 
RasLlOB was expressed in E. coli Rosette (DE3) and purified 
to a homogenicity by Ni-NTA affinity chromatography. Finally, 
the mRNA levels of RasLlOB were down-regulated in all 
human breast cancer cell lines we tested. In summary, 
RasLlOB is a new member of Ras superfamily with tumor 
suppressor potential. 

PMID: 17028781 [PubMed - as supplied by publisher] 
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Molecular cloning and 
characterization of a novel human 
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glioma. [Gene. 2004] 

Molecular cloning, genomic 
characterization and over-expression 
of a novel gene, XRRA1, identified 
from human colorectal cancer cell 
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Comparative biochemical properties of p21 ras molecules 
coded for by viral and cellular ras genes. 



Pap ageor g e A, Lowy P , Scolnick EM . 

In earlier studies, we molecularly cloned a normal cellular 
gene, c-rasH-1, homologous to the v-ras oncogene of Harvey 
murine sarcoma virus (v-rasH). By ligating a type c retroviral 
promotor to c-rasH-1, we could transform NIH 3T3 cells with 
the c-rasH-1 gene. The transformed cells contained high 
levels of a p21 protein coded for by the c-rasH-1 gene. In the 
current studies, we have purified extensively both v-rasH p21 
and c-rasH p21 and compared the in vivo and in vitro 
biochemical properties of both these p21 molecules. The p21 
proteins coded for by v-rasH and c-rasH-1 shared certain 
properties: each protein was synthesized as a precursor 
protein which subsequently became bound to the inner 
surface of the plasma membrane; each protein was 
associated with guanine nucleotide-binding activity, a 
property which copurified with p21 molecules on a high- 
pressure liquid chromatography molecular sizing column. In 
some other properties, the v-rasH and c-rasH p21 proteins 
differed. In vivo, approximately 20 to 30% of v-rasH p21 
molecules were in the form of phosphothreonine-containing 
pp21 molecules, whereas in vivo only a minute fraction of c- 
rasH-1 p21 contained phosphate, and this phosphate was 
found on a serine residue. v-rasH pp21 molecules with an 
authentic phosphothreonine peptide could be synthesized in 
vitro in an autophosphorylation reaction in which the gamma 
phosphate of GTP was transferred to v-rasH p21. No 
autophosphorylating activity was associated with purified c- 
rasH-1 p21 in vitro. The results indicate a major qualitative 
difference between the p21 proteins coded for by v-rasH and 
c-rasH-1. The p21 coded for by a mouse-derived oncogenic 
virus, BALB murine sarcoma virus, resembled the p21 coded 
for by c-rasH-1 in that it bound guanine nucleotides but did 
not label appreciably with 32Pi. The forms of p21 coded for by 
other members of the ras gene family were compared, and 
the results indicate that the guanine nucleotide-binding 
activity is common to p21 molecules coded for by all known 
members of the ras gene family. 
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The ras gene family. 



Lowy PR , Willumsen BM . 

Members of the ras multigene family have been found in 
virtually all eukaryotes, from yeast to mammals, ras is 
required for normal cell growth in the yeast Saccharomyces 
cerevisiae and in at least some mammalian cells. These genes 
induce tumorigenic transformation of established IMIH 3T3 
cells by increased expression of a normal ras gene, certain 
point mutations or amino acid deletion. In tumours, point 
mutation appears to be the most common mechanism of 
activation. The ras proteins are found at the plasma 
membrane, bind guanine nucleotides GDP and GTP and 
possess a GTPase activity. At least some ras proteins that 
have been activated by single amino acid substitutions 
possess a GTPase activity that is lower than that of the 
normal version. These results are consistent with the 
hypothesis that ras protein stimulates its putative target(s) 
when GTP is bound to it, as is true for the G regulatory 
proteins or elongation factor Tu. In Saccharomyces cerevisiae, 
ras has been shown to stimulate adenylate cyclase. However, 
there does not appear to be a direct interaction between ras 
and adenylate cyclase in mammalian cells. 
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Comparative biochemical properties of normal and activated 
human ras p21 protein. 



McGrath JP , Ca pon DJ , Goeddel DV . Levinson AD . 

Human Ha-rasl cDNAs encoding normal and activated p21 
polypeptides have been efficiently expressed in Escherichia 
coli and the biochemical activities associated with each 
polypeptide compared. In addition to the guanine nucleotide 
binding activity, normal p21 displays a GTPase activity which 
is selectively impaired by a mutation which activates its 
oncogenic potential. 
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Ras genes are an ubiquitous eukaryotic gene family. Since their discovery 
as the cellular homologues of the transforming genes of Harvey and Kirsten 
retroviruses, ras genes have been presumed to play a role in growth 
control, mainly because of their potential to induce uncontrolled cell 
proliferation. This notion is strongly supported by recent evidence 
indicating that ras mutations may be causative or closely linked to the 
onset of some types of human tumors. However, the mechanism of action of 
ras proteins in mammalian cells is poorly understood. Using, the 
microinjection technique as a biological assay for ras proteins, 
it has been possible to address several important questions concerning 
cellular and biochemical aspects of ras function. When introduced into 
living cells by microinjection, purified ras proteins can induce 
cell proliferation, n euronal dif f erentiation r oocyte maturation, an d 
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microinjection studies indicated that ras proteins can induce 
specific alterations in phospholipid metabol ism . 
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Rapid stimulation of diacylglycerol production in Xenopus 
oocytes by microinjection of H-ras p21 

JC Lacal, P de la Pena, J Moscat, P Garcia-Barreno, PS Anderson, and 
SA Aaronson 

Laboratory of Cellular and Molecular Biology, National Cancer Institute, Bethesda, 
MD 20892. 

The p21 products of ras proto-oncogenes are thought to be important components in 
pathways regulating normal cell proliferation and differentiation. These proteins 
acquire transforming properties as a result of activating lesions that convert ras 
genes to oncogenes in a wide array of malignancies. In Xenopus laevis oocytes, 
microinjection of transforming ras p21 is a potent inducer of maturation, whereas 
microinjection of a monoclonal antibody to ras p21 inhibits normal maturation induced 
by hormones. The phosphoinositide pathway is a ubiquitous system that appears to 
play a key role in diverse cellular functions. By use of the Xenopus oocyte system, it 
was possible to quantitate the effects of ras p21 microinjection on individual 
components of the phosphoinositide pathway. Within 20 minutes of microinjection, 
levels of phosphatidylinositol 4,5-bisphosphate, inositol 1 -phosphate, and inositol 
bisphosphate increased 1 .5- to 2-fold. The most striking effects were on 
diacylglycerol, which increased 5-fold under the same conditions. In contrast, the 
normal ras p21 protein induced no detectable alteration in any of the metabolites 
analyzed. The earliest effects of the transforming p21 on phosphoinositol turnover 
were observable within 2 minutes, implying a very rapid effect of ras p21 on the 
enzymes involved in phospholipid metabolism. 
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We characterized the normal (Gly-12) and two mutant (Asp- 12 and Val-12) 
forms of human N-ras proteins produced by Escherichia coli. No 
significant differences were found between normal and mutant p21 
proteins in their affinities for GTP or GDP. Examination of GTPase 
activities revealed significant differences between the mutant p21s: the 
Val-12 mutant retained 12% of wild- type GTPase activity, whereas the 
Asp-12 mutant retained 43%. Both mutant proteins, however, were equally 
potent in causing morphological transformation and increased 
cell motility after their microinjection into quiescent NIH 3T3 
cells. This lack of correlation between transforming potency and GTPase 
activity or guanine nucleotide binding suggests that position 12 mutations 
affect other aspects of p21 function. 
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j Microinjection of the oncogene form of the human H-ras (T- 
24) protein results in rapid proliferation of quiescent cells. 



Feramisco JR , Gross M , Kamata T , Rosenberg M r Sweet 
RW . 

Using an E. coli expression-vector system we have efficiently 
produced, purified, and characterized the full-length, 
nonfused, protooncogenic and oncogenic (T-24) forms of the 
human H-ras gene product. These purified ras proteins have 
been introduced by microinjection into a variety of somatic 
cells in an effort to examine their function. Within several 
hours after injection of the oncogenic form of the human H- 
ras protein into quiescent cells, we observe dramatic 
morphological changes followed by transient proliferation of 
the cells. In contrast, microinjection of the normal, 
protooncogenic form of the ras protein at the same level 
appears to have only little effect on the cells. Additional 
experiments indicate that the effect of the ras protein requires 
entry into the cells, is temporary, is inhibited by 
cycloheximide or actinomycin D, and is seen only in 
established cell lines. This experimental approach 
demonstrates that the bacterially derived and purified human 
H-ras proteins retain their ability to function when put back 
into mammalian cells and furthermore, provides a novel assay 
for transformation induced in established cells by the human 
H-ras oncogene protein. 
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Abstract 

We sought to determine whether decreased in vitro GTPase activity is uniformly associated 
with ras p21 mutants possessing efficient transforming properties. Normal K-ras p21-[Gly 12 - 
Ala 59 ] as well as an K-ras p21-[Gly 12 -Thr 59 ] mutant exhibited in vitro GTPase activities at 
least fivefold higher than either K-ras p21-[Lys 12 -Ala 59 ] or K-ras p21-[Arg 12 -Thr 59 ] 
mutants. Microinjection of as much as 6 x 10 6 molecules/cell of bacterially expressed normal 
H-ras p21 induced no detectable alterations of NIH/3T3 cells. In contrast, inoculation of 4-5 
x 10 5 molecules/cell of each p21 mutant induced morphologic alterations and stimulated 
DNA synthesis. Moreover, the transforming activity of each mutant expressed in a eukaryotic 
vector was similar and at least 100-fold greater than that of the normal H-ras gene. These 
findings establish that activation of efficient transforming properties by ras p21 proteins can 
occur by mechanisms not involving reduced in vitro GTPase activity. 
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Abstract 

Using an E. coli expression-vector system we have efficiently produced, purified, and 
characterized the full-length, nonfused, protooncogenic and oncogenic (T-24) forms of the 
human H-ras gene product. These purified ras proteins have been introduced by 
microinjection into a variety of somatic cells in an effort to examine their function. Within 
several hours after injection of the oncogenic form of the human H-ras protein into quiescent 
cells, we observe dramatic morphological changes followed by transient proliferation of the 
cells. In contrast, microinjection of the normal, protooncogenic form of the ras protein at the 
same level appears to have only little effect on the cells. Additional experiments indicate that 
the effect of the ras protein requires entry into the cells, is temporary, is inhibited by 
cycloheximide or actinomycin D, and is seen only in established cell lines. This experimental 
approach demonstrates that the bacterially derived and purified human H-ras proteins retain 
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their ability to function when put back into mammalian cells and furthermore, provides a 
novel assay for transformation induced in established cells by the human H-ras oncogene 
protein. 
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